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ABSTRACT 



This invention relates to a method for enhancing the pro- 
duction of biologically active proteins and peptides in bac- 
terial cells by infecting bacterial cells of the producer strain, 
which contain a plasmid with one or more targeted genes, 
with bacteriophage "k with or without the targeted gen6(s). 
The phage increases synthesis of the targeted protein and 
induces lysis of the producer strain cells. Super-production 
is achieved by cultivating the producer strain cells under 
culture conditions that delay lytic development of the phage. 
The biologically active proteins and peptides subsequently 
accimiulate in a soluble form in the culture medium as the 
cells of the producer strain are lysed by the phage. 

16 Claims, No Drawingis 
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PHAGE-DEPENDENT SUPER-PRODUCTION 
OF BIOLOGICALLY ACTIVE PROTEIN AND 
PEPTIDES 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to recombinant DNA technology 
and more particularly to a new method for enhancing the 
production of heterologous proteins in bacterial host cells. 
The disclosed method involves infecting host cells, which 
contain plasmid encoding the gene of interest, with bacte- 
riophage X to induce lysis of the bacterial host cells. Super- 
production may be achieved in selected host cells either 
when the plasmid alone carries at least one copy of the 
heterologous DNA or when both plasmid and phage K each 
carry at least one copy of the heterologous DNA. 

2. Description of the Related Art 

At present, genetic engineering methods allow creating 
microorganism strains capable of producing substantial 
amounts of various bioactive substances having important 
applications in medicine and industry. Topically, plasmid 
vectors into which a heterologous gene has been inserted are 
used to transform bacterial host cells. Different strains of £. 
coli are frequently used as recipient cells. Using such 
plasmid-dependent transformation methods, E. coli cells 
have been engineered to produce a variety of valuable 
human peptides and proteins, including insulin, y-interferon, 
a number of interleukins, superoxidedismutase, plasmino- 
gen activator, tumor necrosis factor, erythropoietin, etc. 
These substances are either akeady used in medical practice 
or undergoing different stages of chnical studies. 

However, the plasmid method has serious disadvantages. 
It is technologically complicated, since the desired product 
has to be extracted from bacterial cells after biosynthesis, 
which is a multi-stage process. For example, interferon 
extraction involves disintegration of cells, buffer extraction, 
polyethylene-imine processing, clarification, precipitation 
by ammonium sulfate, dialysis, and centrifugation (Goeddel, 
EP 0043980). The necessity for such extraction and purifi- 
cation steps not only complicates production technology of 
the recombinant product, but also resuUs in substantial 
losses, especially during large-scale industrial production. 

A further complicating factor is that at relatively high 
levels of expression of the cloned genes, the eukaryotic 
proteins generated tend to accumulate in the cytoplasm otE. 
coli as insoluble aggregates, which are often associated with 
cell membranes. Consequently, the already difficult extrac- 
tion and purification methods discussed above must be 
supplemented with additional technical procedures related 
to the extraction of the insoluble inclusion bodies. Usually, 
the insoluble proteins are solubilized using ionic detergents, 
such as SDS or laurylsarcosine, at increased temperatures or 
in the presence of denaturants, such as 8 M urea or 6-8 M 
guanidine-HCl. 

Often, the final stage of purification involves renaturation 
and reoxidalion of the solubilized polypeptides, which is 
required to restore functional activity. Disulfide bonds, 
which are necessary for proper folding of the protein in its 
native conformation, must be reformed. Renaturation 
procedures, such as disulfide interchange, may use expen- 
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sive and relatively toxic reagents, like glutathione, and 
oxidized 2-mercaptoethanol or dithiothreitol. Further, the 
final yield of bioactive genetically-engineered proteins may 
be relatively low. Moreover, the presence of even trace 

5 concentrations of the toxic reagents needed to solubilize and 
then re-establish secondary and tertiary protein structure 
may prohibit subsequent chnical application of the proteins. 
Thus, the generation of targeted protein in the form of 
insoluble inclusion bodies within the bacterial host cells not 
only comphcates the production of recombinant proteins and 
results in diminished yield, but may also render the final 
protein unsuitable for clinical use (Fisher, B., Summer, I., 
Goodenough, R Biotech, and Bioeng. 41:3-13, 1993). 

15 The technological difficulties associated with the extrac- 
tion of proteins produced by the expression of heterologous 
genes from plasmid-transformed bacterial host cells may be 
overcome by infecting the transformed bacterial host cells 
with bacteriophage, whose lytic pathway results in lysis of 
the bearer cell. Thus, the desired protein may be simply 
released into the culture medium (Breeze A. S. GB 2 143 
238A). Accordingly, Breeze disclosed a method of increas- 
ing the yield of enzyme produced in E. coli by infecting the 

25 bacterial cells with phage X carrying a temperature-sensitive 
mutation in cl to provide controlled lysis. The cl-gene 
product is a repressor of early transcription and conse- 
quently blocks transcription of the late region of the phage 
DNA, which is required for head and tail assembly and cell 

^° lysis (Mantiatis, T., Fritsch, E. F., Sambrook, J., MOLECU- 
LAR CLONING: A LABORATORY MANUAL, 1982, 
Cold Spring Harbor Laboratory Press). Bacteriophages car- 
rying a temperature-sensitive mutation in cl are able to 

35 establish and maintain the lysogenic state as long as the cells 
are propagated at a temperature that allows the cl-gene 
product to repress transcription of phage genes necessary for 
lytic growth. Accordingly, the transformed bacterial host 
cells may be cuhivated at 30** C, wherein the cl -mediated 
suppression of phage DNA transcription continues and the 
phage remains in the lysogenic state, until the stage of 
maximum ferment production is reached. Subsequently, the 
culture temperature may be increased to 42** C. for 30 

45 minutes in order to inactivate the cl repressor and permit the 
phage to begin its lytic development. The host cells may then 
be incubated for 2-3 hours at 30° C. to allow complete lysis 
and release of the enzyme (Breeze A. S. GB 2 143 238A). 

Although Breeze teaches release of proteins from bacte- 
rial producer cells, it requires cultivating producers at tem- 
peratures not exceeding 30° C, which is not the optimum 
temperature for growth of E. coli cells. Synthesis at the 
optimum temperature (37° C.) is not possible, since cells at 

55 temperatures exceeding 32° C. undergo lysis before reach- 
ing the stage of maximum ferment accumulation due to the 
development of temperature-sensitive lytic prophage. 
Furthermore, incubation of the bacterial host cells at 42° C. 
for 30 min as disclosed by Breeze may activate proteases 
that destroy the targeted protein. 

Auerbach et al. (U.S. Pat. No. 4,637,980) used a phage k 
DNA fragment for inducing lytic release of recombinant 
products. In that method, like Breeze, the temperature- 

55 sensitive mutation in X cl-gene product was used to provide 
temperature -dependent lysis of the bacterial host cells. The 
X DNA fragment in Auerbach maintained functional 
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endolysin-encodiag genes, N, Q, R and S, for producing phage X with amber-mutations in the S and Q genes, 
lysozyme following inactivation of the cl repressor at 42" C. compared to recombinant phage K without the amber- 
Most of the remaining phage genes were deleted; mutations mutations (Murray, N. E, and Kelley, W. S„ Molec. gen. 
in 0 and P genes prevented repUcation of the phage DNA. Genet. 175:77-87, 1979). The phage X Q protein is required 
Consequently, the X DNA was not a fully functional phage, 5 transcription of the late region of the phage DNA, which 
capable of modulating expression of the targeted gene. includes many genes involved in head and tail assembly and 
Moreover, the X DNA ofAuerbach was not suitable for use ^ell lysis. (Mantiatis, T., Fritsch, E. R, Sambrook, J., 
as a vector for carrying targeted genes. Further, as discu^ed MOLECULAR CLONING: A I^0RAIX)RY Manual, 1982, 
above, mcubatioD of the bacterial host ceUs at 42° to 44^ C. ^^^^^ Laboratory Press), 
for 90-120 min as disclosed by Auerbach may activate 

proteases that destroy the targeted protein. ^° ^o. 4,710,463, Murray discloses lysogenizing 

In addition to providing for the lytic release of intact ^ non-suppressing (Su^) strain of E. coli with phage X 

protein from bacterial producer cells, bacteriophages have containing the temperature-sensitive mutation in cl, as well 
also been used as an alternative to bacterial plasmid-based ^5 mutations m X S and E genes. Consequently, prolonged 

vectors, for carrying heterologous DNA into host bacterial cultivation of the lysogenic E. coli at 37*' C. leads to high 

cells. (Murray, N. E. and Murray, K., Nature 251:476-481, l^^^^s of production of the recombinant protein, which is 

1974; Moir, A., Brammar, W. J., Molec, gen. Genet. retained within the cells, since these are not lysed by phage 

149:87-99, 1976). Typically, amplification of genes and geoe products in the normal way, and since the recombinant 
their products is achieved during lytic growth of the phage, 20 phage genome is not encapisdated, it remains available for 

wherein the phage genome is integrated into the bacterial transcription. 

host DNA (Panasenko, S. M„ Cameron, J. R., Davis, R. V., Despite the enhanced yield of heterologous proteins pos- 

Lehman, L. R., Science 196:188-189, 1977; Murray. N. E. sible using X-vectors with S and E mutations, the potential 

^^^'-^^-^^^ ^^^^'^ technical advantages ofbacteriophage vectors related to the 

Wal^r,R,Siegel M., MaU^^^^ lytic release of t^geted proteii^, may be lost with these 

^QS^^RS^m 9^^^^^ 1 y; proteins accumulate inside 

1983, GB 2,103,222A). Usually, either lysogenic cultures of 111-1. u i *..-- 

' , . J / ■ f *t 1- * • 1 1. . the bactenal cell. Thus, when a lysis-defective mutant 

recombinant phage X are used for mrectmg the bactenal host . . , , r. . 

cells, or "wanned up" bacterial cultures, already harboring "^"^ for producUon of heterologous protem, the 

recombinant lysogenic phage K are grown up to amplify '° '^'^^ punfication steps, discussed above for bac- 

expression of the heterologous genes. '^"^ '^^ transformed by plasmid vectors, along with the 

Although there are examples of the successful use of X ^ performed, 

vectors for expression of heterologous genes, X vectors have ^SUMMARY OF THE INVENTION 

been used primarily for gene cloning. Once cloned, the 35 ™, . . 

i- J , 1 . J ^ c cc The present mvention discloses a method for producine a 

genes are transferred to plasmid vectors for more effective . • t • n • i^ivuuviiig a 

expression. For example, when E. coli is infected by phage ^'^^^^'^^^^y acUye protein of mterest. The method com- 

X Charon 4A C15, containing the human p-interferon gene, P"^^" ^'^^ transforming a bacterial host cell with 

the quantity of interferon in cell lysate constituted 7-8x10^ * P^'l^^^ ^^"""^^ ^^P^ expressible gene 

units/liter. After the DNA fragment bearing targeted gene ^''^'^"^ P'^^^'''^ "^^"^^^^ transformed bacterial 

was recloned from phage to plasmid, p-interferon yield ho^t cell with a bacteriophage capable of mediating lysis and 

increased to lxlO« units/liter (Moir, A., Brammar, W. J., ^l^o capable of lytic growth without lysis, 

Molec. gen. Genet. 149*87-99 1976) bactenal host cell under a culture condition that induces 

™ * u • u \pu ' 1 ^- lytic growth of the cell without lysis until a desired level of 

To mcrease the yield of heterologous protein generated in 45 ,°. . . 

T,*^, ^ . . production of the protem is reached, 
bacterial host cells by recombmant X vectors, mutations in 

the phage genome have been introduced that cause phage X ^ preferred embodiment, the bacteriophage has a 

to lose its ability to initiate bacterial ceU lysis. Enhanced temperature -sensitive mutation. More preferably, the bacte- 

yield is thereby achieved by extending the period of time '^"P^'^Se is bacteriophage X and the temperature-sensitive 

during which the heterologous gene is expressed by the ^ ^^^^^ ^^^^ 

bacterial host cells. Tlius, for example, the yield of DNA growth of the bacteriophage is at a temperature of greater 

ligase 1 in lysogenic cultures containing X gt41igS prophage, ^' ^^^^ cultivating step, the bacterial host 

with amber-mutation in the S gene, was five times greater ^^^^ ^rown at a temperature, generally less than 

than the yield of DNA Ugase 1 in lysogenic cultures con- 55 P'*^^^°*^ ^^^^^ 6^°^^ bacteriophage, 

taining X gt41ig prophage without the amber-mutation In a variation of the disclosed method, the bacteriophage 

(Panasenko, S.M., Cameron, J. R., Davis, R.V, Lehman, L. ^ mutation in at least one gene involved in 

R., Science 196:188-189, 1977). The phage X S protein is bacteriophage-mediated lysis of the bacterial host cell, 

required for lysis; therefore S'mutants accumulate large Preferably, the bacteriophage is bacteriophage X and the at 

numbers of intracellular progeny phage particles, as well as least one gene involved in bacteriophage-mediated lysis is 

the targeted protein, without lysing the host cells (Mantiatis, selected from the group consisting of N, Q and R. 

T, Fritsch, E. F, Sambrook, J., MOLECULAR CLONING: Moreover, the bacterial host cell is preferably &om a 

A Laboratory Manual, 1982, Cold Spring Harbor Labo- strain of £. coli. The strain of £. coli may or may not produce 

ratory Press). a suppressor for the repair of amber-mutations. 

Similar increases in the yield of DNA polymerase 1 were Bacteriophage-mediated lysis of the bacterial host cell 

reported for lysogenic cultures containing recombinant may be delayed by culturing at higher multiplicities of 
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infection compared to lower multiplicities of infection. The This area of the "k genome, located in the central region of 

infecting bacteriophage may be provided at a multiplicity of the \ DNA, between genes J and N, may be replaced by 

infection in a range of about 1 to about 100 and more heterologous DNA encoding a desired product. That region 

preferably, at a multiphcity of infection in a range of about is transcribed early during infection. 
10 to about 25. ^ In order to maximize the expression of a targeted gene, 

In another aspect of the present invention, the bacterioph- ^hose synthesis information is recorded in the area of 

age may contain at least one copy of an expressible gene p^age^s early genes, special conditions for the phage's 

encoding the same heterologous protein which is encoded by development must be provided to ensure proper rephcation. 

the plasmid. Further, transcription of the early area, containing the tar- 

A variation of the method for producing a biologically g^ted gene, should be fostered, while transcription of the 

active protein in accordance with the present invention is jater genes, involved in cell lysis, should be decelerated, 

disclosed. The method comprises the steps of: (1) transform- glows down maturation of the X particles and subse- 

ing a bacterial host cell with a plasmid having at least one ^^^^^ ^oW lysis. Consequently, the early phage products, 

copy of an expressible gene encoding the protein, (2) including the targeted gene product, wiU accumulate in the 

infecting the transformed bacterial host cell with a bacte- bacterial cells. Deceleration of late transcription, thereby 

nophage having at least one copy of an expressible gene extending expression of the targeted gene, may be accom- 

encoding the protein, and (3) cultivating the bacterial host piighed by: (1) mutations of phage genome that block 

cell under a culture condition that aUows expression of the expression of the later genes (2) increased multiplicity of 
plasmid and phage genes. 30 infection, and/or (3) cultivation of the infected bacterial ceUs 

In accordance with another aspect of the present at a reduced temperature, 
invention, a bacterial host cell is disclosed. Tlie bacterial ^n important advantage of infecting producer cells with 
host ceU has a plasmid with at least one copy of an ^ bacteriophage is that the phage causes a profound rear- 
expressible heterologous gene encoding a protein, wherein rangement of all macromolecular synthesis in the bacterial 
the host cell IS mfected with a bacteriophage capable of 25 ^^^^^ transcription of bacterial genes, 
mediating lysis and also capable of lytic growth without phages may increase the copying of the targeted gene, and 
^y^^- consequently, increase the output of desired product. 

The bacterial host cell preferably has a bacteriophage with a preferred embodiment of the present super- 

a teinperature-sensitive mutation. More preferably, the bac- production system, phage >.with amber-mutations that delay 

terial host cell is infected with bacteriophage \ and the bacterial lysis (e.g., Q" and R" mutations) are provided in a 

temperature-sensmve mutation is d,,,. ^^^^^ designated Su°, which lacks the suppressor 

In a variation of the bacterial host cell, the bacteriophage responsible for conecting amber-mutations in phage X. In 

has a mutation in at least one gene involved in ^^^^^ ^^^^^ ^ non-suppressing (Su°) strain off. coli, Su° 

bacteriophage-mediatedlysisof the host cell. Preferably, the , 1 * j c -u / 0 + 

K f ■ 1 u . w ' c \ A u . ' u ^ t- • clones are selected from the wild-type Su^ population, 

bacterial host cell is infected with bacteriophage X havmg a n r i_i , • , ...... 

mutation in at least one gene selected from the group ' "^^"^T "^"^"""^ ^^^'^^ 

consisting of N, Q and R. More preferably, the bacterial host DNA, e.g., tetracychne or ampiciUm resistance, 

cell is infected with bacteriophages with cl857,Q^,,, and Selection of Bacterial Strains 

R mutations sst. m Selection of non-suppressmg (Su°) strains of £. co//, for 

Tn ^preferred embodiment of the bacterial host ceU of the '^'""^^ ^''J"^ ^ ^^.^ T''f T t"^" I 'H^ 
present invention, the host cell has a plasmid encoding a Nam7Nam53 bla tet (hereinafter X bla N^). Stram E. coli 
protein of interest and is also infected with a bacteriophage 0^ ^^^^^^ source of the phage. This phage 
having at least one copy of an expressible gene encoding the ^^^"^^'^ P^^"^^^ P*^^ 0^^^ ^^0 
protein of interest. EcoRI site into single-site (EcoRI) vector carrying 
The bacterial host cell in accordance with the present ts-mutation in repressor gene (clgj,). Then two amber- 
invention is preferably a strain of £. coli. The strain of E. mutations were introduced into the phage N gene by recom- 
coU may or may not have a suppressor for repairing amber- bination in vivo. 

mutations. Similarly, the su-ain of co/j may or may not be Clones were tested for non-lysogenicity with phage X 

recA deficient. One preferred strain of E. coli host cells in clear. In addition to phage X bla N', phage X cIq57 Q^^i^y 

accordance with the present invention contains a plasmid 5^ was used to check for suppressor, 

having at least one copy of an expressible heterologous gene Media — Liquid nutrient media, LB and M9 as well as 

encoding a protein, wherein the strain of £, coli is infected agar medium LB were used for bacterial culture growth 
with bacteriophage X having cIqsj, Qam in and R„^ 54 55 (Miller J. H., 1972, Experiments in molecular genetics, 

mutations. The protein may be human alpha-2b interferon. Spring Cold Harbor, N.Y.). 

More preferably, in addition to having a plasmid with at least Preparation of Phage Lysate — Lysogenic culture was 

one copy of a gene encoding a protein, the E. coU host cell grown in broth at 28° C. under intense aeration to a density 

also has a bacteriophage X having cl^s^, and R^ 5^ of 2xl(f cells/ml followed by incubation at 43*^ C. for 20 
mutations and at least one copy of a gene encoding the 60 min. Then it was kept at 37^ C. under intense aeration. Cells 

protein. This bacteriophage preferably lacks a suppressor for ^^.^ jy^^ in 60^0 min and phage was released into the 

repairing amber-mutations. ^^^^^^j ^^.^^ p^^^^ ^.^^^ csMm^i^d by a conven- 

DETAILED DESCRIPTION OF THE tional two-layer technique. As a rule, 2x10^° PFU/ml of 
PREFERRED EMBODIMENT ^5 phage lysate were obtained. 

Bacteriophage X is useful as a vector because more than As is known, phage X N' mutant is not able to lyse the host 

40% of the viral genome is not essential for lytic growth. cells and is present in cells in the form of extremely unstable 
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plasmids. If the host cells contain suppressor, the amber- 
mutation is phenotypically corrected, the N protein is syn- 
thesized and the phage can develop lytically. This difference 
in the viability of Su"*^ and Su** cells, infected by X N', is used 
as a basis for selection of spontaneously appearing Su° 
revcrtants from the E. coli Su"^ cell population. Phage X with 
an inserted plasmid that introduced the ampicillin and tet- 
racycline resistance markers into cells was used to prevent 
the nonlysing Su** cells from masking the search for mutants. 
The phage also contains ts-mutation in the repressor gene 
that permits lytic development of such phage resulting in 
cell lysis. 

If the medium supplemented with ampicillin and tetracy- 
cline is inoculated with Su* culture after its infection with 
phage X bla N' with subsequent growth at 43** C, single 
suppressor- free cells containing phage X bla N* in the form 
of plasmids must develop on plates. Su'* derivatives of the 
parent cultures are obtained by curing the cells from the 
phage. The method can be subdivided into several stages. 

1. Infection of Culture With Phage X bla N' 

The culture E. coli Su"^ was grown on the M9 medium 
with maltose at 37^* C. under intense agitation to a density of 
1-2x10® cells/ml. The cells were infected with phage X bla 

at a multiplicity of 5-10 particles per cell and incubated 
for 20 min at 20** C. Under given conditions, the infection 
efficiency is about 100%, in addition to the bulk of Su* cells, 
the phage also infects single Su° cells. 

1. Selection of Suppressor-Free Cells Containing Marker 
Phage 

After infection, cells were plated out on agar medium 
supplemented with 12 y/ml tetracycline and 20 y/ml ampi- 
cillin and grown at 43** C. In 24 h, single colonies developed, 
which were replated on agar medium with antibiotics and 
grown at 37** C. 

3. Curing of the Selected Clones From Phage X bla N' 
Since phage X N' in the E. coli Su** cells is in the form of 

extremely unstable plasmids, in order to cure from the phage 
the selected clones were plated on selective agar medium 
without antibiotics and grown at 37** C. The number of cells 
that had lost the phage in the first passage on the medium 
without antibiotics amounted to 12-35%. The selection of 
such cells was carried out by monitoring the loss of antibi- 
otic resistance and the acquisition of sensitivity to phage X 
clear. 

4. Testing of Cells for Repressor 

The abihty of phage K with amber-mutations to form 
plaques on lawns of cured clones was checked. Isogenic 
suppressor-free derivatives of the parent E. coli Su* strains 
are clones, on which phage X bla N' did not form plaques, 
phage \ clesT Qamixi ^amSA pfoduccd 1-3x10'° PFU/ml, 
and phage X clgj^ without mutations in genes Q and R 
produced 1x10^° PFU/ml. 

Using this method, Su** revertants of E. coli K 802 Su* 
were obtained. Based on the cell number at the moment of 
infection and the number of Su** revertants among them, the 
frequency of occurrence of suppressor-free cells was about 
3x10-^. 

The use of suppressing (Su*) and non-suppressing (Su**) 
host strains together with phage X to achieve super- 
production of heterologous proteins and peptides may be 
more fully understood from the following working 
examples. 
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EXAMPLE 1 

Increased Synthesis of p-Lactamase in E. coli 
Transformed with pBR322 Carrving the p- 
5 Lactamase Gene (bla) following Infection by Phage 
X 

Bacterial cells, E. coli C-600 Su*, were transformed with 
plasmid pBR322-bla and cultivated in Aminopeptid medium 
(manufactured at the Leningrad meat processing and pack- 
ing factory), diluted 1:1 in 0.15 M NaCl. The C-600 Su*/ 
pBR322-bla transformants were then grown at 37** C. to a 
density of 1x10® cells/ml and divided into three portions. 
The control portion was left intaa. The second portion was 

15 infected with phage X having the temperature-sensitive 
mutation in cl, designated X clgj^, and the third portion was 
infected with phage X having the temperature-sensitive 
mutation in cl, as well as amber-mutations in the Q and R 
genes, designated X clgj^ ^^^54- Phage mutations 

were accomplished by standard recombinant method in 
vivo. Phage multiplicity was approximately 10 phage bodies 
per 1 bacterial cell. The X-trcated cultures were incubated 
for 15 min at 37** C. to inactivate the cl repressor, and then 

25 for 1 9 hr at 28** C. The control cultures were incubated at 37** 
C. for the entire period. p-Lactamase activity was deter- 
mined by iodometric assay as described by Chaykovakaya, 
S. M. and Venkina, T. G. Antibiotics 7(5):453^56, 1962. A 
unit of activity is defined as the minimum quantity of 

^0 ferment necessary to inactivate 1x10"' M penicillin (60 
units) in 1 hr at 37** C, pH 6.8-7.0. 



TABLE 1 



35 



40 





Bacteria] Cell Culture 


^-Lactamase 
Activity (Units) 


1 


C-600 SuVpBR322-bIa 


833 


2 


C-600 Su^/pBEi322-bla + hz\^^ 


4400 


3 


C-600 SuVpBR322-bla + XcIbjtO^ii^R,^, 


8300 



As shown in Table 1, p -lactamase synthesis in the C-600 
Su'^/pBR322-bla cells infected by phage X with mutations in 
the later genes, Q and R, is almost 10 times greater than the 
45 synthesis in C-600 Su*/pBR322-bla control cells. 

EXAMPLE 2 

Increased Output of ^-Lactamase Encoded by bla- 
Gene Contained in Both Plasmid and Phage 
Cultures of E coli W 3 101 recA" 13 Su*" with and without 
transformation by pBR322-bla were cultivated in Ami- 
nopeptid medium diluted 1:1 with 0.15 M NaCl, at 37° C. to 
a density of 1x10® cells/mL A rccA" strain was used because 

55 these cells have a reduced ability to conduct recombination 
in areas of extended homology in both plasmid and phage 
(e.g. bla -gene). Thus, recA~ cultures avoid exclusion of the 
homologous bla-gene. The cultures were divided into two 
portions. The first portion, which was not exposed to phage, 
was incubated at 37" C. for 16 hr. The second portion was 
infected with phage X qI^^j bla R„^ 54 at a multi- 

phcity of about 10 phage bodies per 1 bacterial cell and 
cultivated for 2.5-3 hr at 37*^ C, and then for an additional 

65 14 hr at 28** C. p-Lactamase activity was measured by the 
iodometric method. The results, shown in Table 2 (below), 
are expressed in units, as defined above for Table 1. 
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Phage X cl587 bla Q„„ j^,, was prepared from 

lysogenic cultures maintained at 28** C. in Aminopeptid 
medium. When the bacterial cell density reached about 
1x10^ cells/ml, the cells were warmed for 20 minutes at 43° 
C. in order to inactivate the cl repressor. Consequently, the 
prophage is excised from the bacterial genome and begins its 
lytic development. After 50 min, the cells underwent lysis, 
releasing 100-200 bodies each. At a density of 1x10^ 
cells/ml, the cultures produced 1-2x10^° phage bodies per 
ml. Thus, to infect bacterial cells with phage at a multiplicity 
of about 10 means that 1 ml of phage lysate (1x10^° phage 
bodies) was added to 10 ml of bacterial suspension (1x10^ 
cells). 

TABLE 2 

Lactamase 

Bacterial Cell Culture Activity (Units) 

1 W 3101 recA-13 Si7pBR322-bla 13,555 

2 W 3101 rccA-13 Su° + >^l^7hUQ^^^-,R^ 227,796 

3 W 3101 recA-13 Su°/pBR322-bla + 2,000,000 



As shown in Table 2, bacterial cells which were trans- 
formed with both plasmid containing the targeted gene and 
phage carrying the same gene, produced about 10 times 
more recombinant protein (p -lactamase) than bacterial cells 
transformed with phage alone, and over 100 times more 
p -lactamase than bacterial cells transformed by plasmid 
alone. 

EXAMPLES 

Super-Production of the p-Galactosidase Encoded 
by lac-Gene Contained in Both Plasmid and Phage 

Cultures of E. coli RLMl containing prophage X cigjy 
plac5 R^^ 5i (carrying a copy of the p-galactosidase 

gene, lac5) were grown in LB medium (Difco) at 30° C. with 
intensive aeration to a density of approximately 1x10^ 
cells/ml. The lysogenic culture was warmed to 43** C. and 
incubated for 20 minutes to inactivate cl repressor. The 
temperature was then decreased to 37° C. and the bacterial 
cells underwent lysis, with phages being formed at 1-2x10^° 
PFU/ml. Subsequently, 10 liters of phage lysate, containing 
about 1x10^° phage bodies (X cl857 placS 34) per 

ml, were added to 40 liters of a suspension oiE coli Ca 77 
Su° transformed by plasmid pZ56 at a density of about 
1x10^ cells/ml in LB medium. Thus, the multiplicity of 
infection was 25, i.e., there were 25 phage bodies per 
bacterial cell. 

After 7 hr at 37** C, recombinant p-galactosidase consti- 
tuted 1.9 g per hter of culture medium. The activity of 
p-galactosidase was calculated by the method of Miller 
(Miller, J. H., EXPERIMENTS IN MOLECULAR 
GENETICS, 1972, Cold Spring Harbor Uboralory Press). A 
unit of activity was calculated as the minimum quantity of 
ferment required to hydrolyze 1 yuM ortho-nitrophenyl-p-D- 
galactoside to ortho-nitrophenol per min at 30° C, pH 7.0. 

EXAMPLE 4 
Super-Expression of Human Interferon a-2b 
Su* and Su° strains of E. coli K 802, transformed with a 
plasmid bearing a single copy of the gene encoding alpha-2 
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human interferon (pIF-2-trp), were grown in LB medium to 
a density of 1.5-2x10® cells/ml. These cells were then 
infected at a multipUcity of 15 with different phage X lysates, 
as indicated in Table 3 (below). Cultivation continued with 
intensive aeration at 25** C. for 13 hr. Control cultures, not 
infected with phage, were incubated at 37° C. for the same 
period. 



10 



15 



TABLE 3 




Bacterial Cell Culture 


Phage 


Interferon (Uoits/L) 


1 


K 802-p[F-2-Lrp Su* 




8.0 X 10' 


2 


K 802-p[F-2-tip Su* 


Xcla57 


77 X 10^ 


3 


K 802-p[F-2-tip Su* 


^las tOko 1 17Rmii54 


340 X 10' 


4 


K 802-p[F-2-trp Su* 


X-pIF-2- 


1400 X 10' 






trp cIa57Qamii7l^m54 




5 


K 802-p[F-2-tip Su° 


X-pIF-2- 


3000 X 10' 






trpcl857Qanm7Rrai54 





2^ As shown in Table 3, when bacterial cells which were 
transformed with plasmid containing the targeted gene were 
infected with phage \ containing only the temperature- 
sensitive mutation in cl, interferon expression increased by 

25 about 10-fold compared to control, non-infected cultures. 
Adding the amber-mutations in Q and R genes further 
increased expression by about 40-fold compared to control 
bacterial cells. 

Adding a copy of the interferon gene to phage K with cl, 
Q and R mutations increased interferon synthesis by 175- 
fold over controls. Finally, when a non-suppressing, Su°, 
strain of £. coli, transformed by a plasmid bearing a copy of 
the interferon gene, was infected with phage X, also having 

35 a copy of the interferon gene, as well as cl, Q and R 
mutations, the bacterial host cells produced about 375 times 
more recombinant protein than the control cells transformed 
by plasmid alone. 

40 EXAMPLE 5 

Enhanced Recovery of Biologically Active 
Recombinant Interferon by Phage-Mediated Host 
Cell Lysis 

45 Strain £. Coli SO 20050 was transformed by a plasmid 
bearing two copies of the human interferon alpha-2b gene 
(pIF-14) by standard methods. The transformant cells were 
grown up in 80 liters of LB medium at 37° C. with intensive 
aeration to a density of 2x10® cells/ml. The culture was 
divided into two portions. The first was not infected with 
phage. The second was infected with phage X lysate har- 
vested from E. coU K SOl/k cl^-, R^ at a 
multiplicity of 10 phage bodies per bacterial cell. The 

55 control cells were incubated for 19 hr at 37° C. and the 
phage-infected cells were incubated for 19 hr at 21° C. 

Interferon production in both control and phage-infected 
cultures was about 20% of the total cellular protein. 
However, the interferon in control cells was associated at 
least in part with insoluble inclusion bodies. Thiis, it was not 
possible to determine its biological activity without 
solubilization, denaluration and renatxn-ation. In contrast, the 
specific activity of the soluble interferon released into the 

65 medium following phage-mcdiated cell lysis, was readily 
determined by standard immunoenzyme assay. The inter- 
feron activity was 4x10^° lU/hter (200 mgAiter). 
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E^e-clinical toxicological studies of recombinant human invention can be altered to provide other embodiments that 

alpha-2p interferon produced by the phage super-production utilize the basic process of this invention. Therefore, it will 

method of the present invention showed that the compound be appreciated by those of skill in the art that the scope of 

was practically non-toxic. Intra-abdominal and intra- this invention is to be defined by the claims appended hereto 
muscular injections of the recombinant interferon in white ^ rather than the specific embodiments that have been 

mice and Wistar rats at 8.5x10^ ME/kg (2.5x10^ times the described in detail above by way of example, 

maximum human dose) and intravenous injections in mice What is claimed is: 

and rabbits at 4.25x10^ ME/kg (1.25x10^ times the human 1. An coU host cell with a plasmid having at least one 
therapeutic dose) produced no pronounced intoxication or lo ^*^Py °^ expressible eukaryotic gone encoding a protein, 

deathof the animals. Four months of injections in Wistar rats wherein said E. coli host cell is lytically infected with 

at 6x10^, 6x10*^ and 3x10^ ME/kg (18, 180 and 900 times bacteriophage \ having cIq^j, Qamxijy and R^54 mutations, 

the human therapeutic dose, respectively) showed no dam- 2. The host cell of claim 1, wherein said protein is human 

age to the main organs and bodily systems of the experi- alpha-2b interferon. 

mental animals. Likewise, three months of intravenous 3. The host cell of claim 1, wherein said E. coli host cell 

injections in rabbits of 6x10^ and 6x10^ ME/kg, and two lacks a suppressor for repairing amber-mutations, 

months of intramuscular injections in dogs at 3x10** ME/kg 4. The host cell of claim 1, further comprising recA"~13. 

showed no signs of damage to the organ systems, 5. An £. coli host cell with a plasmid having at least one 
During immunotoxic and allergenic analysis of recombi- 20 ^^^P^ °^ ^° expressible eukaryotic gene encoding a protein, 

nant interferon, the induction of ceUular and humoral immu- wherein said E. coli host cell is lyUcally infected with 

nity reactions, as well as delayed and immediate hypersen- bacteriophage >. having cl^^iy Q^mii?, and K^^a mutations 

sitivity reactions were studied. The results indicated that no ^^^^^ a° expressible eukaryotic gene 

immunotoxic or allergenic influence was produced. The encoding said protein. 

recombinant interferon also had no mutagenic or DNA- ^^^t cell of claim 5, wherein said E. coli host cell 

damaging effects in bacteria during metabolic activation in ^^^^ ^ suppressor for repairing amber-mutations. 

vitro or in bone marrow of mouse embryos in vivo. ^^^^ cell of claim 4, wherein said protein is human 

Embryotoxic studies of recombinant interferon were con- alp ha -2b interferon, 

ducted in pregnant hamadryad baboon females. Daily intra- 30 ^' ^ ^* ^ P^^^°^^^ ^^^^g least one 

muscular doses during organogenesis (20^* to 5^^ days of ^^P^ expressible eukaryotic gene encoding a protein, 

pregnancy) caused defects in embryo development leading "^^^^'^'J" ^^'^ ^^^^ ^ ^^^^^^^^y ^^^'^^ "^^^ ^ 

to miscarriage or stUlbirth. Similar results were obtained for bacteriophage K wherein the bacteriophage X has at least 

recombinant interferon analogs, and most probably could be mutated gene selected from the group consisting of N, 

explained by a powerful antiproliferative action of interfer- ^ t^^' 

ons. It is possible that the miscarriage may be attributed to . ^* ^' ^^^^ ^^^^ '^^^"^ ^' "^^c*^" 

a "cancellation" of immunologic tolerance of maternal "^^P^'^e ?^ has a temperature-sensitive mutation. 

organism towards the fetus, caused by immuno-modulating ^^'^ ^^^^^ "^^^'^^ 
action of the protein. 40 temperature-sensitive mutation is clg^. 

„ . . . - , 1- 1 . . . 11* Th^ ^* ^oli host cell of claim 8 which lacks a 

Recombinant interferon was also studied in Ukrainian c ■ • 1. 

. „ , , , . . suppressor tor repairmg amber-mutations. 

chmcs. Based on these clinical studies, the recombmant tt,^ 17 ^„vu * n * 1 • o u- u - k ^ a ■ * 

- , , - 12. The £. coft host cellof claims which IS recA deficient, 

mterteron was shown to be useful in the treatment of a laTuu^nri-ot.' j .- l 

,. , . „ , 13. 1 he host cell 01 claim 8, wherein said protem IS human 

variety or human diseases and conditions. For example, ^ ^ 25 interferon 

recombinant interferon was effective in treating acute and -i.* a c- i-i. \ n -.i. 1 . -.i 

, -1, , 14. An £. host cell with a plastmid having at least one 

chronic hepatitis B, acute viral, bacterial and mixed „ ^ _ ui u ♦ 1 * *• j- 

. - . 11..,. . . copy 01 an expressible heterologous en totic gene encoding 

infections, acute and chronic septic diseases, herpetic , „.^t„:„ „.k«™- ^ -a r v u * it • i n • r j 

. ^ . . . ^ , ; . , a protem, wherem said E. coli host cell is lytically mfected 

infections, herpes zoster, papillomatosis of larynx, multiple -^u u . ♦ u 1 u j u i_ • t. 

, J . . , / with bactetophage lambda, wherem the bacteriophage 

sclerosis, and vanous cancers, mcludmg melanoma, renal 50 i.j^- f 

„ . 1 , jj . . . lambda has at least one mutated gene selected from the 

cell carcmoma, bladder carcinoma, ovarian carcmoma, , • r kt /-i j n j * 1 * r 

. ^ ' * , group consisting of N, Q, and R and at least one copy of an 

breast cancer, Kaposi s sarcoma and myeloma. ^„ « -ui u T 1 1 ^ 

; ^ expressible heterologous eukaryotic gene encodmg said 

The contraindications in human clinical applications were protein 

prolonged (several months) use at high doses, allergy and 15, host cell of claim 14, wherein said protein is 

pregnancy. The possible side effects noted were small and human alpha-2b interferon. 

transitory "flu-like" symptoms and at prolonged regimens, 16. The host ceU of claim 14, wherein said E, coli host cell 

leuko and trombocytopenia were marked. ja^ks a suppressor for repairing amber-mutations. 

While we have described a number of embodiments of 

this invention, it is A apparent that our description of the ***** 
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(57) ABSTRACT 

This invention relates to a method for enhancing the pro- 
duction of biologically active proteins and peptides in bac- 
terial cells by infecting bacterial cells of the producer strain, 
which contain a plasmid with one or more targeted genes, 
with bacteriophage X with or without the targeted gene(s). 
The phage increases synthesis of the targeted protein and 
induces lysis of the producer strain cells. Super-production 
is achieved by cultivating the producer strain cells under 
culture conditions that delay lytic development of the phage. 
The biologically active proteins and peptides subsequently 
accumulate in a soluble form in the culture medium as the 
cells of the producer strain are lysed by the phage. 
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PHAGE-DEPENDENT SUPER-PRODUCTION OF 
BIOLOGICALLY ACTIVE PROTEIN AND 
PEPTIDES 

BACKGROUND OF THE INVENTION 
[0001] 1. Field of the Invention 

[0002] This invention relates to recombinant DNA tech- 
nology and more particularly to a new method for enhancing 
the production of heterologous proteins in bacterial host 
cells. The disclosed method involves infecting host cells, 
which contain plasmid encoding the gene of interest, with 
bacteriophage X to induce lysis of the bacterial host cells. 
Super-production may be achieved in selected host cells 
either when the plasmid alone carries at least one copy of the 
heterologous DNA or when both plasmid and phage K each 
carry at least one copy of the heterologous DNA. 

[0003] 2. Description of the Related Art 

[0004] At present, genetic engineering methods allow 
creating microorganism strains capable of producing sub- 
stantial amounts of various bioactive substances having 
important applications in medicine and industry. Typically, 
plasmid vectors into which a heterologous gene has been 
inserted are used to transform bacterial host cells. Different 
strains of £. coli arc frequently used as recipient cells. Using 
such plasmid-dependent transformation methods, E, coli 
cells have been engineered to produce a variety of valuable 
human peptides and proteins, including insulin, y-interferon, 
a number of interleukins, superoxidedismutase, plasmino- 
gen activator, tumor necrosis factor, erythropoietin, etc. 
These substances are either already used in medical practice 
or undergoing different stages of cUnical studies. 

[0005] However, the plasmid method has serious disad- 
vantages. It is technologically complicated, since the desired 
product has to be extracted from bacterial cells after bio- 
synthesis, which is a multi-stage process. For example, 
interferon extraction involves disintegration of cells, buffer 
extraction, polyethylene-imine processing, clarification, pre- 
cipitation by ammonium sulfate, dialysis, and centrifiigation 
(Goeddel, EP 0043980). The necessity for such extraction 
and purification steps not only complicates production tech- 
nology of the recombinant product, but also results in 
substantial losses, especially during large-scale industrial 
production. 

[0006] A further complicating factor is that at relatively 
high levels of expression of the cloned genes, the eukaryotic 
proteins generated tend to accumulate in the cytoplasm of E. 
coli as insoluble aggregates, which are often associated with 
cell membranes. Consequently, the already difficult extrac- 
tion and purification methods discussed above must be 
supplemented with additional technical procedures related 
to the extraction of the insoluble inclusion bodies. Usually, 
the insoluble proteins are solubihzed using ionic detergents, 
such as SDS or laurylsarcosine, at increased temperatures or 
in the presence of denaturants, such as 8 M urea or 6-8 M 
guanidine-HCl. 

[0007] Often, the final stage of purification involves rena- 
turation and reoxidation of the solubilized polypeptides, 
which is required to restore functional activity. Disulfide 
bonds, which are necessary for proper folding of the protein 
in its native conformation, must be reformed. Renaturation 
procedures, such as disulfide interchange, may use expen- 



sive and relatively toxic reagents, like glutathione, and 
oxidized 2-mercaptoethanoI or dithiothreitol. Further, the 
final yield of bioactive genetically-engineered proteins may 
be relatively low. Moreover, the presence of even trace 
concentrations of the toxic reagents needed to solubilize and 
then re-establish secondary and tertiary protein structure 
may prohibit subsequent chnical application of the proteins. 
Thus, the generation of targeted protein in the form of 
insoluble inclusion bodies within the bacterial host cells not 
only complicates the production of recombinant proteins and 
results in diminished yield, but may also render the final 
protein unsuitable for chnical use (Fisher, B., Sumner, L, 
Goodenough, P. Biotech, and Bioeng. 41:3-13, 1993). 

[0008] The technological difficulties associated with the 
extraction of proteins produced by the expression of heter- 
ologous genes from plasmid -transformed bacterial host cells 
may be overcome by infecting the transformed bacterial host 
cells with bacteriophage, whose lytic pathway results in 
lysis of the bearer cell. Th;is, the desired protein may be 
simply released into the cultiure medium (Breeze A. S. GB 
2 143 238A). Accordingly, Breeze disclosed a method of 
increasing the yield of enzyme produced in E. coli by 
infecting the bacterial cells with phage X carrying a tem- 
peratiue-sensitive mutation in cl to provide controlled lysis. 
The cl-gene product is a repressor of early transcription and 
consequently blocks transcription of the late region of the 
phage DNA, which is required for head and tail assembly 
and cell lysis (Mantiatis, T, Fritsch, E. K, Sambrook, J., 
MOLECULAR CLONING: A LABORATORY MANUAL, 
1982, Cold Spring Harbor Laboratory Press). Bacterioph- 
ages carrying a temperatiu-e-sensitive mutation in cl are able 
to estabhsh and maintain the lysogenic state as long as the 
cells are propagated at a temperature that allows the cl-gene 
product to repress transcription of phage genes necessary for 
lytic growth. Accordingly, the transformed bacterial host 
cells may be cuUivated at 30° C, wherein the cl -mediated 
suppression of phage DNA transcription continues and the 
phage remains in the lysogenic state, until the stage of 
maximum ferment production is reached. Subsequently, the 
culture temperature may be increased to 42** C. for 30 
minutes in order to inactivate the cl repressor and permit the 
phage to begin its lytic development. The host cells may then 
be incubated for 2-3 hours at 30° C. to allow complete lysis 
and release of the enzyme (Breeze A. S. GB 2 143 238A). 

[0009] Although Breeze teaches release of proteins from 
bacterial producer cells, it requires cultivating producers at 
temperatures not exceeding 30° C, which is not the opti- 
mum temperatiu-e for growth off. coli cells. Synthesis at the 
optunum temperature (37° C.) is not possible, since cells at 
temperatures exceeding 32° C. undergo lysis before reach- 
ing the stage of maximum ferment accumulation due to the 
development of temperature-sensitive lytic prophage. Fur- 
thermore, incubation of the bacterial host cells at 42° C. for 
30 mia as disclosed by Breeze may activate proteases that 
destroy the targeted protein. 

[0010] Auerbach et al. (U.S. Pat. No. 4,637,980) used a 
phage X DNA fragment for inducing lytic release of recom- 
binant products. In that method, like Breeze, the tempera- 
ture-sensitive mutation in X cl-gene product was used to 
provide temperature-dependent lysis of the bacterial host 
cells. The X DNA fragment in Auerbach mamtained func- 
tional endolysin -encoding genes, N, Q, R and S, for pro- 
ducing lysozyme following inactivation of the cl repressor at 
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42° C. Most of the remaining phage genes were deleted; 
mutations in O and P genes prevented replication of the 
phage DNA. Consequently, the X DNA was not a fully 
functional phage, capable of modulating expression of the 
targeted gene. Moreover, the X DNA of Auerbach was not 
suitable for use as a vector for carrying targeted genes. 
Further, as discussed above, incubation of the bacterial host 
cells at 42* to 44** C. for 90-120 min as disclosed by 
Auerbach may activate proteases that destroy the targeted 
protein. 

[0011] In addition to providing for the lytic release of 
intact protein from bacterial producer cells, bacteriophages 
have also been used as an alternative to bacterial plasmid- 
based vectors, for carrying heterologous DNA into host 
bacterial cells. (Murray, N. E. and Murray, K., Nature 
251:476-481, 1974; Moir, A., Brammar, W. J., Molec. gen. 
Genet. 149:87-99, 1976). Typically, amplification of genes 
and their products is achieved during lytic growth of the 
phage, wherein the phage genome is integrated into the 
bacterial host DNA (Panasenko, S. M., Cameron, J. R., 
Davis, R. v., Lehman, L. R., Science 196:188-189, 1977; 
Murray, N. E. and Kelley, W. S., Molec. gen. Genet. 175:77- 
87, 1979; Walter, R, Siegel, M., Malke, H., 1990, DD 
276,694; Mory, Y, Revel, M., Chen, L., Sheldon, I. R, 
Yuti-Chernajovsky, 1983, GB 2,103,222A). Usually, either 
lysogenic cultures of recombinant phage X are used for 
infecting the bacterial host cells, or "warmed up" bacterial 
cultures, already harboring recombinant lysogenic phage X, 
are grown up to amplify expression of the heterologous 
genes. 

[0012] Although there are examples of the successful use 
of X vectors for expression of heterologous genes, X vectors 
have been used primarily for gene cloning. Once cloned, the 
genes are transferred to plasmid vectors for more effective 
expression. For example, when E. coli is infected by phage 
X Charon 4A C15, containing the human (3 -interferon gene, 
the quantity of interferon in cell lysate constituted 7-8x10* 
units/liter. After the DNA fragment bearing targeted gene 
was recloned from phage to plasmid, p -interferon yield 
increased to 1x10® units/liter (Moir, A., Brammar, W. J., 
Molec. gen. Genet. 149:87-99, 1976). 

[0013] To increase the yield of heterologous protein gen- 
erated in bacterial host cells by recombinant X vectors, 
mutations in the phage genome have been introduced that 
cause phage X to lose its ability to initiate bacterial cell lysis. 
Enhanced yield is thereby achieved by extending the period 
of time during which the heterologous gene is expressed by 
the bacterial host cells. Thus, for example, the yield of DNA 
Ugase 1 in lysogenic cultures containing X gt41igS prophage, 
with amber-mutation in the S gene, was five times greater 
than the yield of DNA ligase 1 in lysogenic cultures con- 
taining X gt41ig prophage without the amber-mutation 
(Panasenko, S. M., Cameron, J. R., Davis, R. V., Lehman, L. 
R., Science 196:188-189, 1977). The phage X S protein is 
required for lysis; therefore S~ mutants accumulate large 
numbers of intracellular progeny phage particles, as well as 
the targeted protein, without lysing the host cells (Mantiatis, 
T., Fritsch, E. R, Sambrook, J., MOLECULAR CLONING: 
A LABORATORY MANUAL, 1982, Cold Spring Harbor 
Laboratory Press). 

[0014] Similar increases in the yield of DNA polymerase 
1 were reported for lysogenic cultures containing recombi- 



nant phage X with amber-mutations in the S and Q genes, 
compared to recombinant phage X without the amber-mu- 
tations (Murray, N. E. and Kelley, W. S., Molec. gen. Genet. 
115:17 -SI, 1979). The phage X Q protein is required for 
transcription of the late region of the phage DNA, which 
includes many genes involved in head and tail assembly and 
cell lysis. (Mantiatis, T, Fritsch, E. R, Sambrook, J., 
MOLECULAR CLONING: A LABORATORY MANUAL, 
1982, Cold Spring Harbor Laboratory Press). 

[0015] In U.S. Pat. No. 4,710,463, Murray discloses 
lysogenizing a non-suppressing (Su°) strain of E. coli with 
phage X containing the temperature-sensitive mutation in cl, 
as well as mutations in X S and E genes. Consequently, 
prolonged cultivation of the lysogenic E. coli at 37° C. leads 
to high levels of production of the recombinant protein, 
which is retained within the cells, since these are not lysed 
by phage gene products in the normal way, and since the 
recombinant phage genome is not encapisdated, it remains 
available for transcription. 

[0016] Despite the enhanced yield of heterologous pro- 
teins possible using X-vectors with S and E mutations, the 
potential technical advantages of bacteriophage vectors 
related to the lytic release of targeted proteins, may be lost 
with these mutations, because the targeted proteins accumu- 
late inside the bacterial cell. Thus, when a lysis-defective 
mutant X-vector is used for production of heterologous 
protein, the extraction and purification steps, discussed 
above for bacterial cells transformed by plasmid vectors, 
along with the resuUant losses, must be performed. 

SUMMARY OF THE INVENTION 

[0017] The present invention discloses a method for pro- 
ducing a biologically active protein of interest. The method 
comprises the steps of: (1) transforming a bacterial host cell 
with a plasmid having at least one copy of an expressible 
gene encoding the protein, (2) infecting the transformed 
bacterial host cell with a bacteriophage capable of mediating 
lysis and also capable of lytic growth without lysis, and (3) 
cultivating the bacterial host cell under a culture condition 
that induces lytic growth of the cell without lysis until a 
desired level of production of the protein is reached. 

[0018] In a preferred embodiment, the bacteriophage has 
a temperature-sensitive mutation. More preferably, the bac- 
teriophage is bacteriophage X and the temperature-sensitive 
mutation is cigg,. The culture condition that induces lytic 
growth of the bacteriophage is at a temperature of greater 
than 32° C. Prior to the cultivating step, the bacterial host 
cells may be grown at a temperature, generally less than 
about 32° C. that prevents lytic growth of the bacteriophage; 

[0019] In a variation of the disclosed method, the bacte- 
riophage has a mutation in at least one gene involved in 
bacteriophage -mediated lysis of the bacterial host cell. Pref- 
erably, the bacteriophage is bacteriophage X and the at least 
one gene involved in bacteriophage-mediated lysis is 
selected from the group consisting of N, Q and R. Moreover, 
the bacterial host cell is preferably from a strain of £. coli. 
The strain of E. coli may or may not produce a suppressor 
for the repair of amber-mutations. 

[0020] Bacteriophage-mediated lysis of the bacterial host 
cell may be delayed by culturing at higher multiplicities of 
infection compared to lower multiplicities of infection. The 
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infecting bacteriophage may be provided at a multiplicity of 
infection in a range of about 1 to about 100 and more 
preferably, at a multiplicity of infection in a range of about 
10 to about 25. 

[0021] In another aspect of the present invention, the 
bacteriophage may contain at least one copy of an express- 
ible gene encoding the same heterologous protein which is 
encoded by the plasmid. 

[0022] A variation of the method for producing a biologi- 
cally active protein in accordance with the present invention 
is disclosed. The method comprises the steps of: (1) trans- 
forming a bacterial host cell with a plasmid having al least 
one copy of an expressible gene encoding the protein, (2) 
infecting the transformed bacterial host cell with a bacte- 
riophage having at least one copy of an expressible gene 
encoding the protein, and (3) cultivating the bacterial host 
cell under a culture condition that allows expression of the 
plasmid and phage genes. 

[0023] In accordance with another aspect of the present 
invention, a bacterial host cell is disclosed. The bacterial 
host cell has a plasmid with at least one copy of an 
expressible heterologous gene encoding a protein, wherein 
the host cell is infected with a bacteriophage capable of 
mediating lysis and also capable of lytic growth without 
lysis. 

[0024] The bacterial host cell preferably has a bacterioph- 
age with a temperature-sensitive mutation. More preferably, 
the bacterial host cell is infected with bacteriophage >^ and 
the temperature-sensitive mutation is clgj^. 
[0025] In a variation of the bacterial host cell, the bacte- 
riophage has a mutation in at least one gene involved in 
bacteriophage-mediatcd lysis of the host cell. Preferably, the 
bacterial host cell is infected with bacteriophage X having a 
mutation in at least one gene selected from the group 
consisting of N, Q and R. More preferably, the bacterial host 
cell is infected with bacteriophage X with clgjy, Q^^ and 
^am 54 oiutations. 

[0026] In a preferred embodiment of the bacterial host cell 
of the present invention, the host cell has a plasmid encoding 
a protein of interest and is also infected with a bacteriophage 
having at least one copy of an expressible gene encoding the 
protein of interest. 

[0027] The bacterial host cell in accordance with the 
present invention is preferably a strain of £. coli. The strain 
of E. coli may or may not have a suppressor for repairing 
amber-mutations. Similarly, the strain otE. coli may or may 
not be recA deficient. One preferred strain of E. coli host 
cells in accordance with the present invention contains a 
plasmid having at least one copy of an expressible heter- 
ologous gene encoding a protein, wherein the strain of E, 
coli is infected with bacteriophage X having clgj^, Q^^^ 
and R^^ 54 mutations. The protein may be human alpha-2b 
interferon. More preferably, in addition to having a plasmid 
with at least one copy of a gene encoding a protein, the E. 
coli host cell also has a bacteriophage X having clg57, Q^^ 
117 and R^^ 54 mutations and at least one copy of a gene 
encoding the protein. This bacteriophage preferably lacks a 
suppressor for repairing amber-mutations. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0028] Bacteriophage X is useful as a vector because more 
than 40% of the viral genome is not essential for lytic 



growth. This area of the X genome, located in the central 
region of the X DNA, between genes J and N, may be 
replaced by heterologous DNA encoding a desired product. 
That region is transcribed early during infection. 

[0029] In order to maximize the expression of a targeted 
gene, whose synthesis information is recorded in the area of 
phage* s early genes, special conditions for the phage *s 
development must be provided to ensure proper replication. 
Further, transcription of the early area, containing the tar- 
geted gene, should be fostered, while transcription of the 
later genes, involved in cell lysis, should be decelerated. 
This slows down maturation of the X particles and subse- 
quent cell lysis. Consequently, the early phage products, 
including the targeted gene product, will accumulate in the 
bacterial cells. Deceleration of late transcription, thereby 
extending expression of the targeted gene, may be accom- 
plished by: (1) mutations of phage genome that block 
expression of the later genes (2) increased multiplicity of 
infection, and/or (3) cultivation of the infected bacterial cells 
at a reduced temperature. 

[0030] An important advantage of infecting producer cells 
with a bacteriophage is that the phage causes a profound 
rearrangement of all macromolecular synthesis in the bac- 
terial host cells. By turning ojBf transcription of bacterial 
genes, phages may increase the copying of the targeted gene, 
and consequently, increase the output of desired product. 

[0031] In a preferred embodiment of the present super- 
production system, phage X with amber-mutations that delay 
bacterial lysis (e.g., Q" and R" mutations) are provided in a 
strain of £. coli, designated Su**, which lacks the suppressor 
responsible for correcting amber-mutations in phage X. In 
order to obtain a non-suppressing (Su**) strain of ^. coli^ Su° 
clones are selected from the wild-type Su"*" population. 
Preferably, a selection marker is inserted into the phage 
DNA, e.g., tetracycline or ampiciUin resistance. 

[0032] Selection of Bacterial Strains 

[0033] Selection of non-suppressing (Su°) strains of £. 
coli, for example, E. coli K 802 was carried out with phage 
X cigsy Nam7Nam53 bla tet (hereinafter X bla N*). Strain £. 
coli C600 (X bla N*) served as source of the phage. This 
phage was obtained by insertion of plasmid pCV 11 (bla tet) 
at EcoRI site into single-site (EcoRI) vector carrying ts- 
mutation in repressor gene (clgj^) Then two amber-muta- 
tions were introduced into the phage N gene by recombi- 
nation in vivo. 

[0034] Qones were tested for non-lysogenidty with phage 
X clear. In addition to phage X bla N', phage X c\^^^ 
iivR^nj 54 was used to check for suppressor. 

[0035] Media — Liquid nutrient media, LB and M9 as well 
as agar medium LB were used for bacterial culture growth 
(Miller J. H., 1972, Experiments in molecular genetics. 
Spring Cold Harbor. N.Y.). 

[0036] Preparation of Phage Lysate — ^Lysogenic culture 
was grown in broth at 28** C, imder intense aeration to a 
density of 2x10^ cells/ml followed by incubation at 43" C. 
for 20 min. Then it was kept at 37° C. under intense aeration. 
Cells were lysed in 60-80 min and phage was released into 
the cultural medium. Phage titer was estimated by a con- 
ventional two -layer technique. As a rule, 2x10^° PFU/ml of 
phage lysate were obtained. 
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[0048] The use of suppressing (Su"*") and non-suppressing 
(Su°) host strains together with phage X to achieve super- 
production of heterologous proteins and peptides may be 
more fully understood from the following working 
examples. 

EXAMPLE 1 

Increased Synthesis of p -Lactamase in E, coli 

Transformed with pBR322 Carrying the 
p-Lactamase Gene (bla) following Infection by 
Phage X 

[0049] Bacterial cells, E, coli C-600 Su"", were trans- 
formed with plasmid pBR322-bla and cultivated in Ami* 
nopeptid medium (manufactured at the Leningrad meat 
processing and packing factory), diluted 1:1 in 0.15 M NaCl. 
The C-600 Su'^/pBR322-bla transfonnants were then grown 
at 37° C. to a density of 1x10® cells/ml and divided into three 
portions. The control portion was left intact. The second 
portion was infected with phage X having the temperature - 
sensitive mutation in cl, designated X CI357, and the third 
portion was infected with phage K having the temperature - 
sensitive mutation in cl, as well as amber-mutations in the Q 
and R genes, designated X cl^^^ Q^^ ..^R,^ Phage 
mutations were accomplished by standard recombinant 
method in vivo. Phage multiplicity was approximately 10 
phage bodies per 1 bacterial cell. The K-treated cultures were 
incubated for 15 min at 37° C. to inactivate the cl repressor, 
and then for 19 hr at 28 C. The control cultures were 
incubated at 37° C. for the entire period, p -Lactamase 
activity was determined by iodometric assay as described by 
Chaykovakaya, S. M. and Venkina, T. G. Antibiotics 
7(5):453-456, 1962. A unit of activity is defined as the 
minimum quantity of ferment necessary to inactivate 1x10"^ 
M penicillin (60 units) in 1 hr at 37° C, pH 6.8-7.0. 

TABLE 1 



[0037] As is known, phage X N' mutant is not able to lyse 
the host cells and is present in cells in the form of extremely 
unstable plasmids. If the host ceUs contain suppressor, the 
amber-mutation is phenotypically corrected, the N protein is 
synthesized and the phage can develop lytically. This dif- 
ference in the viability of Su"^ and Su° cells, infected by K N', 
is used as a basis for selection of spontaneously appearing 
Su° revertants from the E. coli Su"^ cell population. Phage X 
with an inserted plasmid that introduced the ampicillin and 
tetracycline resistance markers into cells was used to prevent 
the nonlysing Su° cells from masking the search for mutants. 
The phage also contains ts-mutation in the repressor gene 
that permits lytic development of such phage resulting in 
cell lysis. 

[0038] If the medium supplemented with ampicillin and 
tetracycline is inoculated with Su"*" culture after its infection 
with phage X bla N' with subsequent growth at 43° C, single 
suppressor-free cells containing phage X bla N' in the form 
of plasmids must develop on plates. Su° derivatives of the 
parent cultures are obtained by curing the cells from the 
phage. TTie method can be subdivided into several stages. 

[0039] 1. Infection of Culture With Phage X bla 

[0040] The culture E. coli Su"^ was grown on the M9 
medium with maltose at 37° C. under intense agitation to a 
density of 1-2x10® cells/ml. The cells were infected with 
phage X bla N' at a multiplicity of 5-10 particles per cell and 
incubated for 20 min at 20° C. Under given conditions, the 
infection efficiency is about 100%, in addition to the bulk of 
Su"*" cells, the phage also infects single Su° cells. 

[0041] 2. Selection of Suppressor-Free Cells Containing 
Marker Phage 

[0042] After infection, ceils were plated out on agar 
medium supplemented with 12 y/ml tetracycline and 20 v/ml 
ampicillin and grown at 43° C. In 24 h, single colonies 
developed, which were replated on agar medium with anti- 
biotics and grown at 37° C. 

[0043] 3. Curing of the Selected Clones From Phage X bla 
NT 

[0044] Since phage X N' in the E. coli Su° cells is in the 
form of extremely unstable plasmids, in order to cure from 
the phage the selected clones were plated on selective agar 
medium without antibiotics and grown at 37° C. The number 
of cells that had lost the phage in the first passage on the 
medium without antibiotics amounted to 12-35%. The selec- 
tion of such cells was carried out by monitoring the loss of 
antibiotic resistance and the acquisition of sensitivity to 
phage X clear. 

[0045] 4. Testing of Cells for Repressor 

[0046] The ability of phage X with amber-mutations to 
form plaques on lawns of cured clones was checked. 
Isogenic suppressor-free derivatives of the parent E. coli Su* 
strains are clones, on which phage X bla N' did not form 
plaques, phage X cIgjT Qam 117 Ram 54 produced 1-3x10^ 
PFU/ml, and phage X clgs? without mutations in genes Q and 
R produced 1x10^° PFU/ml. 

[0047] Using this method, Su° revertants of £. coli K 802 
Su* were obtained. Based on the cell number at the moment 
of infection and the number of Su° revertants among them, 
the frequency of occurrence of suppressor-free cells was 
about 3x10"'. 







^Lactamase Activity 




Bacteria] Cell Culture 


(Units) 


1 


C-600 Su*-/pBR322-bIa 


833 


2 


C-600 Su*iBR322-bla + Adas, 


4400 


3 


C-600 Su^ypBR322-bla + AcIa57Q.n.u7R.m54 


8300 



[0050] As shown in Table 1, p-lactamase synthesis in the 
C-600 Su>BR322-bla cells infected by phage X with 
mutations in the later genes, Q and R, is almost 10 times 
greater than the synthesis in C-600 Su7pBR322-bla control 
cells. 

EXAMPLE 2 

Increased Output of p-Lactamase Encoded by 
bla-Gene Contained in Both Plasmid and Phage 

[0051] Cultures oiE coli W 3101 recA-13 Su** with and 
without transformation by pBR322-bla were cultivated in 
Aminopeptid medium diluted 1:1 with 0.15 M NaCl, at 37° 
C. to a density of 1x10® cells/ml. A recA" strain was used 
because these cells have a reduced ability to conduct recom- 
bination in areas of extended homology in both plasmid and 
phage (e.g. bla-gene). Thus, recA" cultures avoid exclusion 
of the homologous bla-gene. The cultures were divided into 
two portions. The first portion, which was not exposed to 
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phage, was incubated at 37** C. for 16 hr. The second portion 
was infected with phage X cIjayblaQ^jn iivRam S4 ^ 
multiplicity of about 10 phage bodies per 1 bacterial cell and 
cultivated for 2.5-3 hr at 37** C, and then for an additional 
14 hr at 28* C. p-Lactan3ase activity was measured by the 
iodometric method. The results, shown in Table 2 (below), 
are expressed in units, as defined above for Table 1. 

[0052] Phage X cljg^bla Q^„, nvRam 54 prepared from 
lysogenic cultures maintained at 28* C. in Aminopeptid 
medium. When the bacterial cell density reached about 
1x10 cells/ml, the cells were warmed for 20 minutes at 43° 
C. in order to inactivate the cl repressor. Consequently, the 
prophage is excised from the bacterial genome and begins its 
lytic development. After 50 min, the cells underwent lysis, 
releasing 100-200 bodies each. At a density of 1x10^ cells/ 
ml, the cultures produced 1-2x10^° phage bodies per ml. 
Thus, to infect bacterial cells with phage at a multiplicity of 
about 10 means that 1 ml of phage lysate (IxlO-'^ phage 
bodies) was added to 10 ml of bacterial suspension (1x10^ 
cells). 

TABLE 2 



Lactamase 

Bacterial Cell Culture Activity (Units) 

1 W 3101 recA-13 Su*'/pBR322-bla 13,555 

2 W 3101 recA-13 Su" + J^Ibsi^^IbQ^^i^^^ 227,796 

3 W 3101 rccA-13 Su''/pBR322-bla + 2.000,000 
XcIgjjblaQ^iiTR 



[0053] As shown in Table 2, bacterial cells which were 
transformed with both plasmid containing the targeted gene 
and phage carrying the same gene, produced about 10 times 
more recombinant protein (p -lactamase) than bacterial cells 
transformed with phage alone, and over 100 times more 
p-lactamase than bacterial cells transformed by plasmid 
alone. 

EXAMPLE 3 

Super-Production of the p-Galactosidase Encoded 
by lac-Gene Contained in Both Plasmid and Phage 

[0054] Cultures of £. coli RLMl containing prophage X 
^^8si P^^^^ 127 Ram 54 (carrying a copy of the P-galac- 
tosidase gene, lac5) were grown in LB medium (Difco) at 
30° C. with intensive aeration to a density of approximately 
1x10^ cells/ml. The lysogenic culture was warmed to 43° C. 
and incubated for 20 minutes to inactivate cl repressor. The 
temperature was then decreased to 37° C. and the bacterial 
cells imderwent lysis, with phages being formed at 1-2x10^° 
PFU/ml. Subsequently, 10 liters of phage lysate, containing 
about 1x10^° phage bodies (X clgg^ plac5 y R^^ g^) per 

ml, were added to 40 liters of a suspension of £ Coli Ca 77 
Su° U-ansformed by plasmid pZ56 at a density of about 
1x10 cells/ml in LB medium. Thus, the multiplicity of 
infection was 25, i.e., there were 25 phage bodies per 
bacterial cell. 

[0055] After 7 hr at 37° C, recombinant p-galactosidase 
constituted 1.9 g per liter of culture medium. The activity of 
p-galactosidase was calculated by the method of Miller 
(Miller, J. H., EXPERIMENTS IN MOLECULAR GENET- 
ICS, 1972, Cold Spring Harbor Laboratory Press). A unit of 
activity was calculated as the minimum quantity of ferment 



required to hydrolyze 1 piM ortho-nitrophenyl-p-D-galacto- 
side to orthonitrophenol per min at 30° C, pH 7.0. 

EXAMPLE 4 

Super-Expression of Human Interferon a-2b 

[0056] Su* and Su° strains of £. coli K 802, transformed 
with a plasmid bearing a single copy of the gene encoding 
aIpha-2 human interferon (pIF-2-trp), were grown in LB 
medium to a density of 1.5-2x10^ celLs/ml. These cells were 
then infected at a multiphcity of 15 with different phage X 
lysates, as indicated in Table 3 (below). Cultivation contin- 
ued with intensive aeration at 25° C. for 13 hr. Control 
cultures, not infected with phage, were incubated at 37° C. 
for the same period. 



TABLE 3 





Bacterial 


Interferon 




Cell Culture Phage 


(Units/L) 


1 


K 802-pIF-2-tip Su* 


8.0 X 10' 


2 


K 802-pIF-2-tip Su* Xjcl^y 


77 X 10' 


3 


K 802-pIF-2-tTp Su* XcIe57Q.mii7RamS4 


340 X 10' 


4 


K 802-pIF-2-trp Su* ^-p^-2-lTpcl^^^^,,yB^^ 


1400 X 10' 


5 


K 802-pIF-2-tip Su° VpIF-2-trpcIft5;Q,^i,7R^4 


3000 X 10' 



[0057] As shown in Table 3, when bacterial cells which 
were transformed with plasmid containing the targeted gene 
were infected with phage X containing only the temperature- 
sensitive mutation in cl, interferon expression increased by 
about 10-fold compared to control, non-infected cultures. 
Adding the amber-mutations in Q and R genes further 
increased expression by about 40-fold compared to control 
bacterial cells. Adding a copy of the interferon gene to phage 
X with cl, Q and R mutations increased interferon synthesis 
by 175 -fold over controls. Finally, when a non-suppressing, 
Su°, strain of E. coli^ transformed by a plasmid bearing a 
copy of the interferon gene, was infected with phage X, also 
having a copy of the interferon gene, as well as cl, Q and R 
mutations, the bacterial host cells produced about 375 times 
more recombinant protein than the control cells transformed 
by plasmid alone. 

EXAMPLE 5 

Enhanced Recovery of Biologically Active 
Recombinant Interferon by Phage-Mediated Host 
Cell Lysis 

[0058] Strain £. Coli SG 20050 was transformed by a 
plasmid bearing two copies of the human interferon alpha- 
2b gene (plF-14) by standard methods. The transformant 
cells were grown up in 80 liters of LB medium at 37° C. with 
intensive aeration to a density of 2x10^ cells/ml. The culture 
was divided into two portions. The first was not infected 
with phage. The second was infected with phage X. lysate 
harvested from E. coli K 802 A ciggy Q^^ R^^ 54 at a 
multiplicity of 10 phage bodies per bacterial cell. The 
control cells were incubated for 19 hr at 37° C. and the 
phage-infected cells were incubated for 19 hr at 21° C. 

[0059] Interferon production in both control and phage- 
infected cultures was about 20% of the total cellular protein. 
However, the interferon in control cells was associated at 
least in part with insoluble inclusion bodies. Thus, it was not 
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possible to determine its biological activity without solubi- 
lization, denaturation and renaturation. In contrast, the spe- 
cific activity of the soluble interferon released into the 
medium following phage-mediated cell lysis, was readily 
determined by standard immunoenzyme assay. The inter- 
feron aaivity was 4x10^° lU/liter (200 mg/liter). 

[0060] Pre-clinical toxicological studies of recombinant 
human alpha-2p interferon produced by the phage super- 
production method of the present invention showed that the 
compound was practically non-toxic. Intra-abdominal and 
intramuscular injections of the recombinant interferon in 
white mice and Wistar rats at 8.5x1 Cf ME/kg (2.5x10^ times 
the maximum human dose) and intravenous injections in 
mice and rabbits at 4.25x10^ ME/kg (1.25x10^ times the 
human therapeutic dose) produced no pronounced intoxica- 
tion or death of the animals. Four months of injections in 
Wistar rats at 6x10^ 6x10* and 3x10*^ ME/kg (18, 180 and 
900 times the human therapeutic dose, respectively) showed 
no damage to the main organs and bodily systems of the 
experimental animals. Likewise, three months of intrave- 
nous injections in rabbits of 6x10^ and 6x10* ME/kg, and 
two months of intramuscular injections in dogs at 3x10* 
ME/kg showed no signs of damage to the organ systems. 

[0061] During immunotoxic and allergenic analysis of 
recombinant interferon, the induction of cellular and 
humoral immunity reactions, as well as delayed and imme- 
diate hypersensitivity reactions were studied. The results 
indicated that no immunotoxic or allergenic influence was 
produced. The recombinant interferon also had no 
mutagenic or DNA-damaging effects in bacteria during 
metabolic activation in vitro or in bone manow of mouse 
embryos in vivo. 

[0062] Embryotoxic studies of recombinant interferon 
were conducted in pregnant hamadryad baboon females. 
Daily intramuscular doses during organogenesis (20^ to 50^ 
days of pregnancy) caused defects in embryo development 
leading to miscarriage or stillbirth. Similar results were 
obtained for recombinant interferon analogs, and most prob- 
ably could be explained by a powerful antiproliferative 
action of interferons. It is possible that the miscarriage may 
be attributed to a "cancellation" of immunologic tolerance of 
maternal organism towards the fetus, caused by immuno- 
modulating action of the protein. 

[0063] Recombinant interferon was also studied in Ukrai- 
nian clinics. Based on these clinical studies, the recombinant 
interferon was shown to be useful in the treatment of a 
variety of human diseases and conditions. For example, 
recombinant interferon was effective in treating acute and 
chronic hepatitis B, acute viral, bacterial and mixed infec- 
tions, acute and chronic septic diseases, herpetic infections, 
herpes zoster, papiUomatosis of larynx, multiple sclerosis, 
and various cancers, including melanoma, renal cell carci- 
noma, bladder carcinoma, ovarian carcinoma, breast cancer, 
Kaposi's sarcoma and myeloma. 

[0064] The contraindications in human clinical applica- 
tions were prolonged (several months) use at high doses, 
allergy and pregnancy. The possible side effects noted were 
small and transitory "flu-like" symptoms and at prolonged 
regimens, leuko and trombocytopenia were marked. 

[0065] While we have described a number of embodi- 
ments of this invention, it is apparent that our description of 



the invention can be altered to provide other embodiments 
that utilize the basic process of this invention. Therefore, it 
will be appreciated by those of skill in the art that the scope 
of this invention is to be defined by the claims appended 
hereto rather than the specific embodiments that have been 
described in detail above by way of example. 



What is claimed is: 

1. A method for producing a biologically active protein, 
comprising: 

transforming a bacterial host ceil with a plasmid having at 
least one copy of an expressible gene encoding said 
protein; 

infecting the transformed bacterial host cell with a bac- 
teriophage capable of mediating lysis and also capable 
of lytic growth without lysis; and 

cultivating the bacterial host ceU under a culture condition 
that induces lytic growth of said cell without lysis until 
a desired level of production of said protein is reached, 

2. The method of claim 1, wherein the bacteriophage has 
a temperature -sensitive mutation. 

3. The method of claim 2, wherein the bacteriophage is 
bacteriophage X and the temperature-sensitive mutation is 

4. The method of claim 2, wherein said culture condition 
that induces lytic growth of the bacteriophage is at a 
temperature of greater than 32° C. 

5. The method of claim 2, wherein prior to the cultivating 
step, the bacterial host cells are grown at a temperature 
which prevents lytic growth of the bacteriophage. 

6. The method of claim 5, wherein the temperature which 
prevents lytic growth of the bacteriophage is less than about 
32° C 

7. The method of claim 1, wherein the bacteriophage has 
a mutation in at least one gene involved in bacteriophage - 
mediated lysis of the bacterial host cell. 

8. The method of claim 7, wherein the bacteriophage is 
bacteriophage X and the at least one gene involved in 
bacteriophage -mediated lysis is selected from the group 
consisting of N, Q and R. 

9. The method of claim 1, wherein the bacterial host cell 
is a strain of E. coli. 

10. The method of claim 9, wherein the strain of E. coli 
produces a suppressor for the repair of amber-mutations. 

11. The method of claim 9, wherein the strain of E. coli 
lacks a suppressor for the repair of amber-mutations. 

12. The method of claim 1, wherein the infecting bacte- 
riophage is provided at a multiplicity of infection in a range 
of about 1 to about 100. 

13. The method of claim 1, wherein the infecting bacte- 
riophage is provided at a multiplicity of infection in a range 
of about 10 to about 25. 

14. The method of claim 1, wherein bacteriophage -me- 
diated lysis of the bacterial host ceU is delayed at higher 
multiphcities of infection relative to lower multiplicities of 
infection. 

15. The method of claim 1, wherein the bacteriophage 
contains at least one copy of an expressible gene encoding 
said protein. 



07/01/2002, EAST Version: 1.03.0002 



us 2001/0044133 Al 



7 



Nov. 22, 2001 



16. A method for producing a biologically active protein, 
comprising: 

transforming a bacterial host cell with a plasmid having at 
least one copy of an expressible gene encoding said 
protein; 

infecting the transformed bacterial host cell with a bac- 
teriophage having at least one copy of an expressible 
gene encoding said protein; and 

cultivating the bacterial host cell under a culture condition 
that allows expression of said genes. 

17. The method of claim 16, wherein the bacteriophage 
has a temperature -sensitive mutation. 

18. The method of claim 17, wherein the bacteriophage is 
bacteriophage X and the temperature-sensitive mutation is 

19. The method of claim 16, wherein the bacteriophage 
has a mutation in at least one gene involved in bacterioph- 
age-mediated lysis of the bacterial host cell. 

20. The method of claim 19, wherein the bacteriophage is 
bacteriophage >^ and the at least one gene involved in 
bacteriophage -mediated lysis is selected from the group 
consisting of N, Q and R. 

21. The method of claim 16, wherein the bacterial host 
cell is a strain of E. coli. 

22. The method of claim 21, wherein the strain of E. coli 
produces a suppressor for repairing amber-mutations. 

23. The method of claim 21, wherein the strain of E. coli 
lacks a suppressor for repairing amber- mutations. 

24. Abacterial host cell with a plasmid having at least one 
copy of an expressible heterologous gene encoding a pro- 
tein, wherein said host cell is infected with a bacteriophage 
capable of mediating lysis and also capable of lytic growth 
without lysis. 

25. The bacterial host cell of claim 24, wherein the 
bacteriophage has a temperature -sensitive mutation. 

26. The bacterial host cell of claim 25, wherein the 
bacteriophage is bacteriophage X and the temperature-sen- 
sitive mutation is cL-,. 



27. The bacterial host cell of claim 24, wherein the 
bacteriophage has a mutation in at least one gene involved 
in bacteriophage-mediated lysis of the host cell. 

28. The bacterial host cell of claim 27, wherein the 
bacteriophage is bacteriophage X and the at least one gene 
involved in bacteriophage mediated lysis is selected from 
the group consisting of N, Q and R. 

29. The bacterial host cell of claim 24, wherein the 
bacteriophage is bacteriophage X having clgj^, and 
Ram 54 mutatious. 

30. The bacterial host cell of claim 24, wherein the 
bacteriophage has at least one copy of an expressible het- 
erologous gene encoding said protein. 

31. The bacterial host cell of claim 24, wherein the 
bacterial host cell is a strain of E. coli, 

32. The bacterial host cell of claim 31, wherein the strain 
of E. coli lacks a suppressor for repairing amber-mutations. 

33. The bacterial host cell of claim 31, wherein the strain 
oi E. coli is recA deficient. 

34. A strain of coli with a plasmid having at least one 
copy of an expressible heterologous gene encoding a pro- 
tein, wherein said strain of E. coli is infected with bacte- 
riophage h having clgs^, Q^^ ^7 and R^^ ^ mutations. 

35. The strain of claim 34, wherein said protein is human 
alpha -2b interferon. 

36. The strain of claim 34, wherein said strain of E, coli 
lacks a suppressor for repairing amber-mutations. 

37. The strain of claim 36, further comprising recA-13. 

38. A strain otE. coli with a plasmid having at least one 
copy of an expressible heterologous gene encoding a pro- 
tein, wherein said strain of E. coli is infected with bacte- 
riophage >^ having CI857, Q^^ and R^^ 54 mutations and 
at least one copy of an expressible heterologous gene 
encoding said protein. 

39. The strain of claim 38, wherein said strain of E. coli 
lacks a suppressor for repairing amber-mutations. 

40. The strain of claim 37, wherein said protein is human 
alpha-2b interferon. 

!¥ * * ^ * 
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[57] ABSTRACT 

A bacterial product is made by transforming a tempera- 
ture sensitive lysogen with a DNA molecule which 
codes, directly or indirectly, for the product, culturing 
the transformant under permissive conditions and exter- 
nalizing the product by raising the temperature to in- 
duce phage encoded functions. 
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for DN A replication. Subsequent to DNA replication 
EXTERNALIZATION OF PRODUCTS OF the phage must direct synthesis of viral structural prote- 

BACTERIA ins, that is, head and tail proteins, and their assembly 

into intact empty virions: Interaction of at least 18 genes 
FIELD OF THE INVENTION 5 is required to accomplish this. Finally, the DNA is 

This invention relates to genetic engineering and. in packaged into the empty virions to produce infectious 
particular, to extemalization of products produced by intact virions, and the cell is ruptured by endolysin, 
genetically engineered microorganisms. coded for by the lambda S and R genes which are acti- 

« . ™ ^, T^,^ ,^T^^« » , . -r^^vT vated by the product of the Q gene, thereby releasing 

BACKGROUND INFORMATION 10 phages. The Q gene is activated by the N function. 

A problem with using E. coli and other prokaryotic The N gene is repressed by the cl function, 
microorganisms as hosts for expression of desired prote- The 18 genes required for capsid assembly lie be- 
ins has often been externalizing the proteins from the twcen about map positions 3 and 36 on the rightward 
host cells for purification. Attempts to overcome this transcription strand, map positions being representative 
problem include physical disruption of ceUs such as by *5 percentages of total lambda DNA. The first genes, 
homogenization or sonication. chemical disruption of from left to right, are A, W and B; the last is J. In nor- 
cells siich as by treatment with detergent or lysozyme, lysogens, to the right of the J gene are eight bacte- 

and fusing a DNA sequence which codes for an excre- rial genes. Five of these, bio A, B, C, D and F, are 
tion signal peptide to a structural gene coding for the involved in biosynthesis of biotin. A sixth, uvrB, confers 
desired product. For example, Wei^ et al., Euro- ^0 ^^gj^^^^ ultraviolet radiation. The final two, chlA 
pean Patent Application No. 61,250, disclose treatment ^ ^^^^^ sensitivity to chlorates. See, Guest, Mol 

of host cells with a ysm^ ^^^"^S Geru Genet 105: 285-289 (1969) and Stevens et al, in 

havy et al., U.S. Pat No. 4,336,336, dolose a method .^^^ Bacteriophage Umbda", ed. by Hershey. et al. 
for fusmg a gene for a cytoplasmic protem to a gene for . JT ^ ' ^ 

a nori-cytoplasmic protein, so that a resulting hybrid 25 ««cl above, at pp. 315 D34. / , ^ . 

protein is t^ansport^ to, near or beyond the host cell Another lambda gene functions in natural host 
surface; Gilbert et al., U.S. Pat No. 4,338,397. disclose 1^3^ the kil gene^ The function of the^kil gene is 

a method for producing mature secreted proteins com- ^^^y understood. Cells which express the kil gene 

prising inserting a structural gene for a preprotein into '^ve a decreased rate of cell growth following induc- 
an expression vector. 30 tion. Loss of the kil function permits cells to grow at 

£ coli can be infected by an obligatory parasite, the normal rates, that is, log phase growth, after induction, 
lambda phage, which is a double-stranded DNA virus. until lysis occurs. Like the S and R genes, the kil gene 
Lambda genetics, like R coli genetics, is well-studied. is regulated by the cl repressor, indirectly, through the 
See, for example. 'The Bacteriophage Lambda," edit N gene. See, Greer, Virology 66:589-604 (1975). 
by A. D. Hershey, Cold Spring Harbor Laboratory, 35 Temperature sensitive lysogens have been well-stud- 
New York, 1971. led. They are described, for example, by Campbell, 

Lambda, a temperate phage, multiplies in E. coli in Virology 14: 22-32 (1961). The cI857 gene is a tempera- 
either of two phases. In one, the lytic phase, the phage ture sensitive cl mutant. It is functional at or below 38' 
DNA replicates autonomously and directs formation of C. See, Sussman et al., C,R.K Acad, Set Paris 
capsid proteins, packaging and host cell lysis. Expres- 40 254:1517^1519 (1962). Similar phage systems are known 
sion of lambda DNA during the lytic phase is highly to occur in other genera. For example, Lomovskaya et 
efficient Transcription occurs on both DNA strands, aL, 7. ViroL 9:258-262 (1972). report temperature sensi- 
on one in the rightward direction and on the other in the tive mutants of a temperate phage which infects Strep- 
leftward direction. Induction can result in release of tomyces; Flock, Mol. Gen Genet 155: 241-247 (1977). 
about one hundred phage particles within 50 minutes at 45 reports temperature sensitive mutants of the temperate 
37 C. See,^Hershey. above. phage, phi- 105, which infects BacUlus; Botstein et al.. 

Intheotherphase,Aelysogemcphase,lambda^ Ara/u,^251: 584-588 (1974) report temperature sensitive 

IS mtegrated into the host ceU genome and « replicated. ^^^^ temperate phage, P22, which infects 

passively, along with the host chr^^^^ Salmonella. Jostrom et al , / BacterioL 119:19-32 

Thait Sit^^^^^^ (1974), and Tlio^ipson,/,B.c.n^^^ 129:778-788(1977). 

onH Ic LiH ^rT 4^^, „ j ^^P°^ tcmpcrature sensitive mutants of the temperate 

lysogen and IS saio to be munune. tT ' i.- 11 i. • r u 1 xM-n 

liinmuty can be lost by occurrence of various events P^^e, P^>-l,l;:^^f^^^ Staphylococcus; Miller et 

which induce the lytic phase. Tlie products of the f 59:566^569 (1974) report temperate phages of 

lambda int and xis genes catalyse excision of the lambda 55 ^ . . ^ . , 

genome from the E coli genome to form a covalendy Jh® lambda endoiyan has been found to lyse Sahno- 

closed circle capable of autonomous repUcation. The strams which are able to absorb the phage as re- 

synthesis of these genes, and either directly or indi- Botstem et al.. Ann. Rev. Genetics 16:61-83 

rectly, all other lambda genes is repressed by the prod- (1982). 

uctofthe lambda cl gene. In response to certain chemi- 60 Perricaudet et al., FEBS Lett 56:7-11 (1975), de- 

cals or DNA-damaging agents, the bacteria directs syn- scribe deletion of lambda genes between map positions 

thesis of the product of the bacterial recA gene. The 58 and 71 (A 58-71) which segment includes the lambda 

recA gene product pfoteolytically cleaves the cl repres- int, xis. red, gam, cIII and kil genes, 

sor protein, permitting expression of the lytic phase .Hershberger et al.. United Kingdom Specification 

genes. Propagation of the phage then requires interplay 65 Application No. 2,084,584, disclose use of a lysogen as 

of several lambda regulatory elements which ultinmtely a host cell to stabilize and select for the presence of a 

initiate autonomous replication of the lambda DNA. phismid. The authors disclose, for example, transform- 

The products of the lambda P and O genes are required ing a lysogen having a defective cl gene with a plasmid 
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carrying a functional cl gene. In one disclosed embodi- mammal, whereby the bacteria lyse within the mammal 

raent, the functional cl gene is the cI857 gene. and release the product. 

It is known that transposable elements that is genes DETAILED DESCRIPTION OF THE 

which can recombme mdependently of host chromo- INVENTION 

somal recombination mechanisms, can be inserted into 5 

host cells as markers. Rossetal., Cell 16:721-731 (1979), A temperature sensitive bacteria is one which carries 

report physical structures of deletions and inversions a prophage DNA sequence including a temperature 

promoted by the transposable tetracycline-resistance sensitive repressor gene such that when cultured al one 

element. tnlO. Davis et aL, "Bacterial Genetics". Cold temperature range (permissive conditions) the repressor 

Spring Harbor Laboratory. New York (1980). describe ^0 functional but when cultured at another temperature 

uses of transposable elements. range (restrictive conditions) the repressor is not func- 

Ruvkun et al., Nature 289:85-88 (1981). report intc- ^>o"al; the repressor is not expressed or is not stable, 

gration of the transposable kanamycin resistance and ^^^^^ restrictive conditions, the phage genes, including 

neomycin resistance element, tn5. into Rhizobium phage lysozyme-encoding genes, are expressed leading 

me/Z/of/chromosomalDNAby conjugation of aplasmid to cell lysis. Such temperature sensitive bacteria are 

carrying tn5 foUowed by homologous recombination. *ytic bacteria. Any lytic bacteria, as herein defined, can 

Integration of a heterologous gene by recombination be used m the method of the mvention. 

resulting from presence of homologous flanking sequen- Temperature sensitive temperate phage repressor 

ces is also disclosed in European Patent Application ^ genes are available or can be made by mutating such 

No 74 808 genes by procedures known to the art. By way of exam- 

' <»• pie, Campbell. Virology 14:22-32 (1961). describes a 

SUMMARY OF THE INVENTION procedure for isolating temperature sensitive phage 

The invention is a method of producing a product in mutants Generally, the procedure comprises mutage- 

bacteria utilizing endolysin-encoding genes from tem- nizing phage-mfected bactena, such as by ultra-violet 

perate phages. The method compr^s transforming a ^^^^l^^^^^^ ^nd then mcubatmg survivors at high tern- 

[emperLre sensitive bacterial s^ain. which carri^ a P^^^^"^^ cause induction of any temperature sensmve 

, ^ ^ u AC repressor mutants. The lysate is then used to infect 

temperature sensitive phage repressor gene and func- bacteria The new Ivsoeens are subjected to 

tional phage lysozyme^ncoding genes such that the j,^^^ ^^^^^^^^ following the heat 

lysozyme-encodmg genes are repressed under permis- 3^ ^^^^^^.^^ \^ ^^^^^^^ j from sensitive 

sive conditions and expressed under restrictive condi- ^^^^^^^ ^ jj ^ preparation, induction, 

tions, with a DNA molecule(s) which expresses, di- ^e-preparation) leads to identifK^tion of phage repres- 

rectly or mdirectly, the product; cultunng the trans- ^^^^^ Typically, 3 to 4 such cycles are sufficient 

formed stram under permissive conditions such that the -^^ ^^^^x mutants 

product is made; raising the temperature to produce 35 description which follows relates, in large part, 

restnctive conditions; and. optionally, recovering the ^o lytic coli and. especially, to cI857 E, coli lysogens. 

product from the culture medium or a concentrate Nevertheless, from said description persons of ordinary 

thereof. - , . 1. ^ ^^^^ ^ ^e art will be enabled to practice the invention 

Another aspect of the mvention is a method of pro- relates to other lytic R coli as well as to other lytic 

ducmg a product in a bacteria which comprises trans- 40 bacteria, using repressor and endolysin-encoding genes 

formmg a bacteria which produces the product with a from lambda or from other temperate phages, such as 

phage DNA sequence which carries a temperature sen- the temperate phages noted above, 

sitive phage repressor gene and phage lysozyme-encod- cI857 lysogens, which are known and commonly 

ing genes such that the lysozyme-encoding genes are available, produce cl repressor which is active at or 

repressed under permissive conditions and expressed 45 below 38' C. but inactive above 38* C. These are pre- 

under restrictive conditions, to make the bacteria lytic; f^^^ over other temperature sensitive E. coli lysogens 

cultunng the transformed bactena under pennissive because in addition to a mutation rendering the repres- 

conditions such that the product is made; changmg the sor inactive above 38' C, the cI857 gene contains a 

temperature to provide restrictive conditions; and, op- second mutation which causes the cl repressor protein 

tionally, recovering the product from the culture me- 50 to be insensitive to proteolytic cleavage by the product 

dium or a concentrate thereof. of the lambda recA gene. Thus, when cultured under 

Another aspect of the invention is a DNA fragment permissive conditions, the cl repressor protein is stable 

comprising a defective phage sequence having a tem- and, therefore, effective in maintaining immunity, 

perature sensitive repressor gene and functional lyso- K coli strain UC5822 is a lysogen which has the cI857 

zyme-encoding genes such that the lysozyme-encoding 55 mutation. It also has a point mutation in the int gene (int 

genes are repressed under permissive conditions and 6 am, an amber mutation) and in the P gene (P3 am, an 

expressed under restrictive conditions, a selectable amber mutation). (Amber mutations signal termination 

marker and, preferably, flanking DNA sequences which of translation). UC5822 is generally preferred over, for 

are homologous to a contiguous sequence in the chro- example, MM294(cI857) because UC5822 is defective, 

mosome of a host cell. 60 that is, it does not generally produce infectious phage 

Other aspects of the invention are a method of mak- particles. Defective lysogens are preferred, especially 

ing a lytic bacteria which comprises transforming a when used to administer a polypeptide to a mammal, 

bacteria with the DNA fragment of the invention, and UC5822, however, produces lower levels of the lyso- 

bacteria comprising said DNA fragment. zyme, presumably because it has a lower copy number 

Yet another aspect of the invention is a method of 65 of the S and R genes, namely, one, than does 
administering a product to a mammal comprising ad- MM294(cI857). namely, fifty to one hundred, after in- 
ministering an amount of a temperature sensitive bac- duction. Nevertheless. UC5822 lyscs readily following 
teria containing an effective dose of the product to the induction. 
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In one aspect of the method of the in vention, temperr canting product-containing supernatant, induced cells 

ature sensitive bacteria are transfonned with a DNA are suspended in a minimal salts buffer or 0.1 M tris 

mmolecule(s) which codes, directly or indirectly, for a buffer, 50 mM NaCl and 1 mM EDTA and agiUted to 

desired product The transformation may be carried out effect lysis. 

by any technique which allows the DNA molecule to 5 The desired product can then be recovered from the 

enter the host cell arid to express the product Tech- medium or concentrate and purified, if desirable, by 

niques include, for example, transformation, transduc- known techniques. 

tion, conjugation and cell fusion. Many suitable expres- In an alternative procedure, whole cells are concen- 
sion vectors are well known and publicly available as trated and administered orally to a mammal prior to 
are techniques for cloning genes for products and trans- 10 induction of the lytic phase. Induction will then occur 
forming cells with such molecules. Generally, the prod- internally, resulting in release of the desired polypep- 
uct will be a non-excreted, heterologous gene product, tide. This method can be especially useful for adminis- 
that is, one which is not naturally produced by the host tering antigens to animals in cases in which whole ceils 
and which is not externalized. Products which are ex- as well as the desired antigen are preferred to provoke 
pressed directly include polypeptides; products which 15 an inimunoprotective response- For example, tempera- 
arc expressed indirectly include polypeptides, glyco- ture sensitive lysogens carrying genes which code for 
proteins, antibiotics and other molecules such as, for antigens such as the LT-B antigen can be fed directly to 
example, metal ions which can be sequestered within a pigs and/or calves^ The amount of cells administered to 
metallothionein-producmg bacteria. each animal will be that amount which contains an 
Transformed host cI857 lysogens can be grown up 20 effective dose. The amount of protein produced by a 
indefinitely under permissive conditions (^38** C, usu- unit amount of cells can be calculated by known tech- 
ally 32' to 36" C.) which are optimal for expression of niques. 

the desired product. When sufficient growth has been An aspect of the invention is a DNA fragment which 
achieved, that is, usually, when mid-log phase growth can be used to construct a lytic bacteria for use in the 
(A6so=P-5) has been achieved, synthesis of lambda 25 method of the invention. Such DNA fragment com- 
endolysin is induced by culturing the lysogen under prises a defective phage sequence having a temperature 
restrictive conditions. This can be accomplished by sensitive repressor gene and functional lysozyme- 
raising the temperature of the culture medium, or of a encoding genes. Such DNA fragment comprising a 
ceU concentrate thereof, to, in the case of cI8S7, greater defective lambda sequence has a temperature sensitive 
than 38" C, preferably 42" to 44* C, for about 90 to 120 30 cl gene and functional lambda endolysin-encoding 
minutes. Alternatively, the temperature of the culture genes (N, Q, S and R) such that the endolysin is ex- 
medium, or of a concentrate thereof, is raised to greater pressed under restrictive conditions, a selectable 
than 38* C, preferably 42" to 44" C, for a shorter time, marker, and, preferably, flanking DNA sequences 
that is, a time sufficient to induce the phage DNA, which are homologous to a contiguous DNA sequence 
preferably at least about five minutes, following which 35 in a host cell chromosome. In one particular embodi- 
the temperature is lowered to 0" to 38" €., preferably 2" ment, the DNA fragment comprises lambda DNA 
to 36" C. which is deleted in the genes lying between map posi- 

Maintaining restrictive conditions for 90 to 120 min- tions 58 and 71, and therefore lacks the int, xis and kil 

utes is preferred because lysis is more efficient and genes, has a temperature sensitive cl gene and has muta- 

rapid. However, the latter procedure is preferred in 40 tions in the O and P genes and in which the cl gene is 

certain applications^ for example, when a desired pro- the cI8S7 mutant and produces endolysin under restric- 

tein is heat labile or when the cost of maintaining the tive conditions. The O and P mutations can be deletion 

restrictive conditions is prohibitive. or point mutations. Point mutations, such as the 029, P3 

If the host cl 857 lysogen has a functional lambda cro and P80 mutations, are preferred because they are 

gene, the cells will continue to synthesize the lysozyme 45 readily available. The P3 mutation is preferred over the 

at any temperature at which the cells function, until P80 mutation. 

lysis occurs. Although lambda endolysin is active as In another particular embodiment, the fragment corn- 
low as 0** C, the time needed for lysis is longer at low prises lambda DNA which is substantially deleted in the 
temperature due to a decrease in rates of protein synthe- genes lying between map positions 3 and 71. Such frag- 
sis and catalytic activity generally. 50 ment lacks substantially all genes essential for lambda 

Just prior to or following induction, the cells are capsid assembly as well as the int, xis and kil genes, 
preferably concentrated, such as by filtration, centrifur A host ceU, R coli or other bacteria, which produces 
gation or other means, and incubated in this concen- a desired product, or which is previously or subse- 
trated form until lysis. Such procedure facilitates collec- quently made to produce the desired product, such as 
tion and purification of the desired product. Following 53 by genetic engineering techniques, can be transformed 
induction, the bacterial cell wall is substantially de- with a phage DNA sequence which carries temperature 
graded. The cells, in the form of protoplasts, will con- sensitive phage repressor gene and phage lysozyme- 
tinue to synthesize the desired product which is largely encoding genes by known techniques. These include 
released into the tnedium through the cell membranes. infecting the bacteria with a temperate phage having 
Complete release into the medium is effected by lysis. 60 such temperature sensitive repressor gene, preferably a 
Lysis is observable as a clarification of the culture me- defective phage. These also include transforming the 
dium or concentrate and/or an increase in the viscosity bacteria with the DNA fragment of the invention by 
of the culture medium or concentrate. Lysis can be known techniques, for example, transformation, trans- 
enhanced such as by mechanical agitation or rapidly duction, conjugation and fusion. Transformation gener- 
changing the culturing conditions, for example, by rap- 65 ally involves incorporating the fragment into a vector, 
idly changing temperature between 2^ and 25^ C. or such as a phage or a plasmid. For example, the fragment 
changing the osmotic strength of the medium or con- caii be cloned into a plasmid, such as pBR322 or others, 
centrate. Preferably, after concentrating cells and de- and grown up in vivo in an appropriate a host which is 
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lacking a contiguous sequence homologous to sequen- 
ces flanking the fragment or which is defective for 
recombination events (rec-). The plasmid can be re- 
covered and used to transform an appropriate host for 
production of a desired product Following transforma- 5 
tion of such host, the fragment which has flanking 
DNA sequences homologous to a contiguous DNA 
sequence in the host chromosome will integrate by 
spontaneously recombining at the site of the homolo- 
gous contiguous sequence. Alternatively, an appropri- 10 
ate host for production of a desired product can be 
transformed with the isolated DNA fragment in linear 
or circular form. 

The DNA fragment carries a selection marker to 
facilitate selection of transformants. Selectable markers 15 
are typically genes which code for assayable enzymes, 
which restore prototrophy to an auxotrophic host or 
which confer resistance to lethal or inhibitory com- 
pounds, usually antibiotics. Preferably, the selection 
marker is a gene which confers antibiotic resistance as 20 
these do not require use of an auxotrophic host which 
may not be available or which can spontaneously revert 
to prototrophy. Tetracycline resistance is preferred 
because tetracycline is inexpensive and because resis- 
tance to tetracycline is not normally spontaneously 25 
acquired. 

Presence of the marker in transformants indicates that 
the host comprises the DNA fragment. If the fragment 
integrates, the whole fragment will integrate because 
homology between the DNA fragment and the host cell 30 
DNA exists only in regions flanking the lambda DNA 
and the marker. 

Absent a marker in the DNA fragment, selection of 
host cells carrying the lambda DNA following trans- 
duction or other transforming procedure would require 35 
super-infecting putative transductants with a defective 
phage (non-integrating) and selecting for immune bacte- 
rial survivors. 

£. colt strains made lytic by integration of a DNA 
fragment of the invention include, for example, MG 40 
strains. These strains are lysogens in which the lambda 
DNA is deleted in genes lying between map positions 58 
and 71, and therefore lack the int, xis, red, gam, kil and 
cIU genes, has the cI857 mutation and has mutations in 
the O and P genes and has functional N, Q, S and R 45 
genes such that endolysin is expressed under restrictive 
conditions. In one embodiment, strain MO 1 [0600 (X A 
58-71, cI857, P3, 029), SuII+, galK, lacZ, thi, gah:tnlO 
tet^], the point (amber) mutation, is read through and 
the O and P genes are expressed because of the produc- 50 
tion by the host cell DNA of an amber suppressor, that 
is, a translational suppressor of the UAG translation 
termination codon. 

A more preferred host cell for use in the method of 
the invention is one which is phenotypically O- and 55 
P-. One embodiment, strain MG3 [N99 (X A 58-71, 
cI857. P3, 029) galK, lacZ, thi, gal::tnlO tet^], carries 
the same lambda DNA fragment as strain MGl. How- 
ever, it is phenotypically O- and P- as well as tet^, A 
kil, A int and A xis. 60 

The most preferred lytic K coli are MG4 strains. 
These are strains which are deleted in substantially all 
of the lambda structural protein and assembly genes and 
the normal right prophage-bacterial junction, that is, 
the right attachment site (att'^). In particular, they are 65 
lysogens which are deleted in substantially all lambda 
genes lying between map positions 3 and 71, have point 
mutations in the O and P genes, have a temperature 



8 

sensitive cl gene and have functional N, Q, S and R 
genes such that endolysin is expressed under restrictive 
conditions,and have a selectable marker, namely, the 
tnlO tetracycline resistance transposable element. Such 
defective lysogens have 4 independent blocks to viral 
propagation: (i) loss of O and P replication functions, 
(ii) loss of att^ which renders the prophage incapable of 
being complemented by int and xis genes from a supe- 
rinfecling phage, (iii) inability to encode lambda struc- 
tural genes and, (iv) the size of the lambda DNA is far 
below the minimum size required for packaging. These 
can be initially prepared by chlorate-stressing cI857, 
0-, P- lysogenic strains, such as MG strains, to pro- 
duce chlorate resistant mutants and selecting such mu- 
tants which are unable to complement propagation of a 
superinfecting heteroimmune or virulent lambda or 
lambdoid phage deficient in A and B functions. A DNA 
fragment comprising the marker, the lambda DNA and 
flanking sequences from the E. coli chromosome can be 
isolated from MG4 strains such as by treatment with 
restriction endonucleases or PI transduction. 

MG4 can be derived from MG3 by deleting all or 
most of the bacteriophage genes which encode the viral 
structural components. In order to verify the loss of 
these genes it is sufficient to demonstrate that the viral 
genome in MG4 is unable to complement and propagate 
a superinfecting phage which is itself defective for these 
genes. X charon 3A (X A~, B- imm<J>80) is an example 
of a phage which can be used for this superinfection. 
Alternatively any phage carrying amber mutations in 
the A, B or other viral structural cistron can be plated 
on sensitive E. coli in the presence of a heteroimmune or 
virulent phage (X vir). Recombination will occur be- 
tween the two phages and lead to the formation of a 
recombinant, for example, X virA". The frequency of 
recombinants will be between 1-50%, depending on the 
experimental conditions. Recombinants can be recog- 
nized by their ability to plate on suppressor containing 
lysogens [Y mel (X)] and their inabililty to produce 
plaques on non-suppressing, X sensitive strains, such as 
N99. Plaques obtained from the above cross are plated 
onto petri dishes containing Y mel (X) or N99 and re- 
combinants are purified. Lambda phages deficient in A, 
and/or B gene function are preferred since as a conse- 
quence of their position on the lambda genome MG4 
candidates which cannot complement for these func- 
tions must lack all other lambda structural genes. The 
use of defective phages and hosts in this way is referred 
to as **marker rescue" and is widely practiced, See, for 
example, "The Bacteriophage Lambda." edit by A. D. 
Hershey, Cold Spring Harbor Laboratory, 1971, espe- 
cially, Stevens ct al, at pp. 515-533. 

The instant invention can be used to produce any 
product of bacteria. Examples are many and include, 
among others, insulin, rabies glycoprotein, K99 and 
987P antigens, antibiotics, growth hormones, metalloth- 
ioneins, alpha-l-antitrypsin, influenza antigens, lympho- 
kines and interferon. In addition, the invention can be 
used in colony screening, RNA isolation and plasmid 
preparation, as the invention greatly simplifies and 
shortens the time needed for such procedures by by- 
passing the lysis step otherwise required. 

In the following examples, which are illustrative of 
the invention and not limiting, all starting materials are 
readily available or can be readily prepared by tech- 
niques known in the art Transductions were carried out 
substantially as described in "Experiments in Molecular 
Genetics", edit, by J. H. Miller, Cold Spring Harbor 
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Laboratory, New York, (1972) pp. 201-205, which is resistant transductants were selected. All of these were 

incorporated herein by reference as though fully set found to be immune to lambda and were therefore 

forth. judged to be lambda lysogens. One of these lysogens 

tTYAiurDTui was purified and designated MG3(N99(XA 58-71 cI857 

HAAMfi.ti l 5 P3 029)). 

Construction of MGO MG3 was determined to lyse subsequent to exposure 
StrainC600(K a?// SuII+ K12gall lacZ sull thi) was to 44* C. for 90-120 minutes. No phage were found in 
incubated in the presence ofX;cI857 P3 029 (gift of W. cell cultures either prior to or after such exposure 
Syzbalski, U. of Wisconsin). After overnight growth at « 1/0.1 ml of a culture having 3.3 X 108 cells per ml). 
32' C, surviving bacteria were isolated and purified. The presence of phage was assayed on C600 cells. Con- 
Eighty percent of these bacteria were found to be im- trol cultures of R colt strains which harbor non-defec- 
mune to superinfection, to be unable to grow at 44* C, tive lambda prophages contained between 10^ and 10^ 
and to produce lambda phage (following exposure to phages per ml of a culture having 3.3 X 10^ cells per ml. 



44* C.) which were indistinguishable from X cI857 P3 
029 (as judged by the ability of the phage to produce 



15 EXAMPLE 5 



plaques on strain C600 but not on strain N99 (R coli Construction of MG3 

K12 galK lacZ suO thi). One of this class of survivors . . u * ** n j 

•r- J J • J • i.- xMf>r-x /\ strain MG3 was constructed substantially as dc- 

was purified and given the designation MGO (G600 (\ u j • *u u t? i * v / • vmn 

rT8S7 02Q^^ scnbed in the above Examples except that strain N99 

20 lysogenized directly with X cI857 P3 029. The 

EXAMPLE 2 resulting lysogen was crossed by PI transduction with 

Construction of MGO.AR6 strain MGO-AR 18 and tetracycline res^^^^ 

which lysed upon temperature mduction but which did 

Strain N5151 (R coli K12 SA500 galK lacZ pro thr not produce phage were selected, 
his gal8 (X cI857 A 58-71 A HI)) was incubated in the 25 

presence of PlcmlOO phage which had been grown on EXAMPLE 6 

stram AR4 {R coli K12 gal::tnlO (PlcmlOO)). The cross Construction of UC5822 

between N5151 and PlcmlOO grown on AR4 resulted in « . „ 

the isolation of tetracyclme resistant, UV sensitive. Strain UC5822 was constructed by mfecting strain 

temperature sensitive lysogens. One of these isolates N99 with Xmt6red3cI857 P80andXhy5cIimm21Ab2. 

was purified and designated MGO-AR6 (K coUKXl ^ climm21 A b2 is a hybrid between phage X and 

gal8 gal::tnlO XA 58-71 cI857 A Hl(bio uvrB)). P^^ge 21.^ The purpose of X hy5 climm21 A b2 in this 

construction is to provide int function in trans which is 

EXAMPLE 3 required in order for X int6 red3 cI857 P80 to lysogenize 

Construction of MGl this strain. The A b2 mutation renders the A hy5 

x*^/^ ATJiC J tti iAai l • w climm21 A b2 phage incapable of directing its own 

MGO-AR6 was made a PlcmlOO lysogen by isolating ;„t*„,o*™ \^t^\w^ a «f 

survivors of AR6 which had been incuba^J in the 'l^^^JknU veH ^i^^^ 

presence of PlcmlOO. The PlcmlOO lysogen of MGO- ^^^""^ displayed immunity to supennfcctmg lambda but 

AR6 was designated MGO-ARIB. 7."^^^^'^ '° ^ -"^"^ 

Strain MGO^as crossed by PI transduction with 40 l^^^'f '^^Tl^^^^ 

PlcmlOO which had grown on MGO-ARIS. After per- ^o^ phage could i,e detects! m ^cultures of UC5822 

mitting time for phaie absorption, the cells were sub- '^^^^^ incubation at 44 C 

jected to a UV fluence of 4 J/m^ (irradiation of 254 nm EXAMPLE 7 

light was at a rate of 2 J/mVs as determined by a UV i-. * * r xjt^A 

dosimeter) and incubated in the presence of tetracy- 45 Construction of MG4 

dine. Eleven percent of tetracycline resistant colonies Cultures of MG3 are grown in Luna broth or other 

were resistant to UV light indicating that they did not complete media at 32* C. until A650=0.5. The culture 

carry the HI deletion and thus that they possessed the will contain approximately 5 XlO^ cells/ml. The culture 

lambda genes from cl through the right hand end of the is then plated on Nutrient Agar plates supplemented 

phage. Specifically, this means that these clones carry 50 with 0.2% glucose, and 0.2% KaOj. The plates are 

the P3 and 029 mutations and intact S and R genes. One incubated under anerobic conditions at 32* C. until 

third of the UV resistant, tetracyclme resistant cells colonies form (3-5 days. Growth on this media under 

were incapable of producmg phage. These were there- these conditions selects for E. coli which have mutations 

fore judged to have acquired the 58-71 deletion of in the chl A, B, C or D gene. See. "Expts. in Molecular 

lambda, and thus to have lost the int, xis and kil genes. 55 Genetics", J. Miller, pps 226-227. 

This class was purified and designated MGl (C600) (XA Mutation in chlB, C or D will not lead to the isolation 

58-71 CI857 P3 029) SuII+ galK lacZ thi gal::tnlO of MG4, Among the mutations affecting chlA expres- 

t^t ). sion will be point mutations in chlA and deletions ex- 

EXAMPLE 4 tending to the left or right of chlA. Deletions extending 

eo to the left of chlA may result in disruption of the adja- 

Construcdon of MG3 ^vrB gene and thus confer a UV sensitive phcno- 

MGl was incubated in the presence of PlcmlOO and type on the organism. For the same reason, rightward 

survivors were purified. Among these survivors, a high extending deletions from the chlD gene may also confer 

percentage of MGl cells which had become PlcmlOO a UV sensitive phenotype on the organism. Chlorate 

lysogens were identified. A PlcmlOO lysogen of MGl 65 resistant colonies obtained from the anerobic incubation 

was purified and designated MG2. are tested to determine if they are now UV sensitive. 

Strain N99 was crossed by PlcmlOO transduction This is conveniently done by streaking a chlorate resis- 

with PlcmlOO which had grown on MG2; Tetracycline tant colony across a petri dish, covering } the dish and 
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subjecting the other half to 10 J/m^ of 254 nm UV light. 
This dose is sufficient to kill UV sensitive cells but not 
UV resistant mutants. The UV sensitive mutants (com- 
prising mutations in chlA or chlD) are tested for the 
presence of the defective lambda prophage. This is done 
by cross streaking the cells through a streak of a ho- 
moimmune phage. Lambda sensitive bacteria are killed 
by the phage at the cross-streak; lambda lysogens are 
immune to superinfection and are not killed. As a conse- 
quence of the location of the chIA and chID genes, the 
lamba genome and the uvrB gene, all UV sensitive chlD 
mutants will be lambda sensitive whereas some UV 
sensitive chlA mutants may be lambda lysogens. UV 
sensitive, lambda lysogens therefore contain deletions 
of chlA which extend leftward into uvr B. If the dele- 
tion extends through uvrB it may extend into the biotin 
operon and possibly into the structural lambda genes. 
Deletions of structural lambda genes have been ob- 
tained in this manner (Grier, Virology 66:589-604 (1975). 
All UV sensitive, chlA", lambda lysogens are infected 



monitored for growth at A420- At 4 hours the culture 
was fed 200 ml of 50% dextrose and 0.1 ml of an anti- 
foam agent. At 8 hr the culture was at 4.8 A420 units and 
was shifted to 43" C. The culture was fed again at 10 hr 

5 with 200 ml of 50% dextrose, and at 14 hr the culture 
was stopped. A sample of a cell concentrate (**pellet**) 
and of the cell supernatant at 4 hr, 6 hr, 8 hr, 9 hr, 10 hr, 
10.6 hr and 14 hr were tested for LTj by using an 
ELISA test with known concentrations of LTjsas slan- 

10 dards. 

The results are shown in Table 1. In the first 4 to 8 hr 
greater than 90% of the LT-B resided in the cell, but 
within 2 hr after the temperature shift (10 hr after inocu- 
lation, 90% of the LT-B was in the supernatant. At 6 hr 
after the temperature shift, 95% of the LT-B was in the 
supernatant; LT-B represented 8.5% of the total pro- 
tein. The yield of LT-B was far greater than the yield 
from coli MM294 transformed with peSS2. 
Within 2-4 hours after the temperature shift lysis was 



15 



with X virA-. After 2i hours, the lysates are plated for evident by increased viscosity of the culture media and 



25 



30 



X virA- phage and for X vir A+ recombinants. MG4 
candidates which propagate X virA- and/or produce X 
virA+ phages are discarded; candidates which fail to 
complement X virA- or produce virA+ carry a dele- 
tion extending from chlA through the A gene of 
lambda. Those MG4 candidates which possess deletions 
from chlA through the A gene of lambda are tested for 
the lytic bacteria property (lysis upon growth at > 38" 
C). Candidates containing the deletion which have 
retained the lytic bacteria property are purified as MG4. 

EXAMPLE 8 
Cloning in MM294(cI857) and UC5822 

E. coli strain MM294 was incubated in the presence of 35 
X cI857. After overnight growth at 32" C, surviving 
bacteria were isolated and purified. Clones which were 
immune to superinfection and which were unable to 
grow and produced phage at 44' C. were isolated. This 
resulting cI857 lysogenic strain, MM294 (X cI857), and 40 
E. coli strain UC5822 were made competent by CaClj 
treatment and transformed with pDN5, a plasmid carry- 
ing genes for the E coli LT-B antigen and for ampicillin 
and tetracyline resistance, 

Ampicillin and tetracycline resistant transformants of 45 
both lytic bacteria strains grew well in standard nutrient 
broth at 30'-32" C. and expressed LT-B antigen. The 
bacteria were pelleted by centrifugation and transferred 
to a standard nutrient broth at 42" C. Within about 
90-120 minutes, cell lysis was evident and substantially 50 
complete. LT-B antigen was released into the broth. In 
a sample of the MM294(cI857) transformant comprising 
4x 107 cells/ml, about 2X 10** lambda phage were col- 
lected per ml. In a similar sample of the UC5822 trans- 
formants, no phage (<20/ml were collected. 53 

EXAMPLE 9 

Cloning in UC5822 

A seed culture of E coli uC5822 containing the plas- 
mid pESS2 which carries the genes for E. coli LT-B 60 
antigen was inoculated in a 5 ml tube of L broth con- 
taining ampicillin. After 6 hours the tube contents were 
transferred to 500 ml of culture medium containing 
ampicillin and incubated overnight with shaking at 32" 
C. To inoculate 10 L. 400 ml of the overnight culture 65 
was transferred to 10 L of medium containing ampicillin 
in a Virtis bench-top fermentor. The culture was main- 
tained at 32' C. and each hour a 100 ml sample was 



visible cell debris. By 4-6 hours after the temperature 
shift the viscosity was greatly reduced and the culture 
was easily pumped through an ultrafiltration apparatus 
to remove all debris and any remaining unlysed cells. 
The increased viscosity reflects release of high molecu- 
lar weight DNA and RNA into the media; action of 
endogenous nucleases ultimately results in an observ- 
able decrease in viscosity. 

TABLE I 



Time 



mg/ml 
Ceil 



fig/ml 



Total LTfi 
As Percent 
of Total 





After Inoculation 


A420 


Protein 




Cell Protein 


(Shift) 


4 


hr 


Pellet 


0.58 


0.734 


0.41 




(43-) 


4 


hr 


Super 






0.06 


0.07% 




6 


hr 


Pellet 






1.1 






6 


hr 


Super 


1.8 


1.19 


.11 


0.1% 




8 


hr 


Pellet 


4.8 


1.24 


3.9 






8 


hr 


Super 






0.29 


0.3% 




10 


hr 


Pellet 


6.2 


0.646 


1.2 






10 


hr 


Super 






14.8 


2.5% 




10.6 


hr 


Pellet 


5.0 


0.652 


1.8 






10.6 


hr 


Super 






39,38 


6.3% 




14 


hr 


Pellet 






L8 






14 


hr 


Super 


4.2 


0.652 


53.83 


8.5% 



EXAMPLE 10 

Construction of Lytic Salmonella 

An interspecies cross between Salmonella and MG3 
is performed, either through conjugation or DNA 
transformation. Salmonella strains are normally tetracy- 
cline sensitive; MG3 is tetracycline resistant Salmo- 
nella recombinants which have attained resistance to 
tetracycline are tested for their ability to grow at 42" C, 
Those Salmonella which lyse at this temperature have 
acquired, through recombination, the lytic bacteria 
function of MG3. This experiment is possible because 
(1) the lambda lytic functions are expressed in Salmo- 
nella and (2) sufficient homology exists between Salmo- 
nella and E coli (MG3) to permit recombination of the 
E coli sequences which flank the genes into Salmonella. 

EXAMPLE 11 

Construction of Lytic Bacillus 

Method I. The genetic elements sufficient to direct 
lysis of a host include the \ cI857, N, Q, S and R genes 
and the Pi, promoter. The restriction maps of these 
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genes is known (Molecular Qoning, Maniatis el al., 
Cold Spring Harbor Laboratory, N.Y.). The genes are 
subcloned from lambda onto a plasmid (for example 
pBR322). A fragment of DNA from Bacillus is inserted 
into the plasmid at a site in a non-essential region. It is 5 
not necessary to characterize the nature or function of 
the host strain DNA or its orientation in the plasmid. 
The Bacillus is then incubated with the purified plasmid 
DNA, and antibiotic resistant transformants are se- 
lected. These transformants are tested to determine if 10 
they lyse after exposure to high temperature. In these 
transformants, the plasmid containing the lambda genes 
is present ais an autonomously replicating unit or is inte- 
grated into the host chromosome through a recombina- 
tion event between homologous Bacillus DNA on the 15 
plasmid and on the chromosome. The integration of 
DNA carried by plasmids which cannot replicate into 
the Bacillus chromosome has been described (Halden- 
way et al., J. Bact 142:90-98. 1980). This method re- 
quires the expression of the lambda lytic genes in the 20 
recipient host, but does not require homology between 
the R coU sequences of MG3 and the recipient bacteria. 

Method 2. The phage phi-105 infects Bacillus, is tem- 
perate, and has a mutatable cl-like repressor. Deriva- 
tives of phi-105 can be made which have temperature 
sensitive mutations affecting this repression. Phage de- 
rivatives which lack excision or replication functions 
can be isolated through mutagenesis or by isolation of 
deletion strains. (Flock, Mol Gen. Genet 155:241-247, 
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includes all embodiments and modirications coming 
within the scope of the following claims. 
We claim: 

1. A method of producing a gene product which 
comprises (i) culturing a temperature sensitive bacteria, 
which bacteria: 

(a) expresses the gene product intracellularly, 

(b) is a lysogen defective in excision and replication 
functions and 

(c) contains within the prophage DNA sequence a 
temperature sensitive phage repressor gene and 
functional phage lysozyme-encoding genes, under 
permissive conditions such that the gene product is 
expressed intracellularly and the lysozyme-encod- 
ing genes are repressed and then (ii) raising the 
temperature to produce restrictive conditions such 
that the lysozyme-encoding genes are expressed. 

2. The method of claim 1 wherein the temperature- 
sensitive phage repressor gene is a temperature sensitive 
lambda cl gene. 

3. The method of claim 2 wherein the cl gene is the 
cI857 mutant. 

4. The method of claim 2 wherein the bacteria is an £; 
coll lambda lysogen. 

5. The method of claim 4 wherein the bacteria is E. 
CO// strain UC5822. 

6. The method of claim 4 wherein the lambda pro- 
phage DNA sequence is deleted in the genes lying be- 
tween map positions 58 and 71 and is mutated in the O 
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1977). A phage derivative is obtained which possesses a 30 and P genes resulting in loss of O and P gene functions. 



thermo-labile repressor. A lysogen of this mutant is 
made by infecting sensitive cells with the phage at 30* 
C, isolating surviving cells and testing these cells for 
immunity to superinfecting phage and for inability to 
grow at 40° C. Such an organism is a phage-producing 
lytic bacteria. To isolate a defective lytic bacteria, the 
bacteria is mutagenized and surviving colonies are rep- 
lica plated onto an imdeveloped lawn of phi-105 sensi- 
tive Bacillus. Temperature-sensitive colonies which, 



7. The method of claim 6 wherein the lambda pro- 
phage DNA sequence is flanked by a selectable marker 
which is a gene coding for a selectable trait and the O 
and P mutations are point mutations. 
35 8. The method of claim 7 wherein the lambda pro- 
phage DNA sequence is flanked on the upstream end by 
the tnlO transposable tetracycline resistance element 
and the O and P genes are the 029 and P3 genes. 
9. The method of claim 7 wherem the bacteria is an iSl 



following exposure to high temperature, produce few 40 coli MG strain, 

or no phage on these lawns, contain mutations affecting 10. The method of claim 7 wherein the bacteria is 

phage propagatioa More stringent mutants may be strain MG3. 

obtained by repeating the mutagenesis. In order to mo- 11. The method of claim 6 wherein the lambda Pro- 

bilize this construction and easily select for transfer of phage DNA sequence is deleted m the genes lying be- 

this construction it is preferable to isolate a derivative 45 tween map positions 3 and 71, 



which harbours an antibiotic resistance marker linked to 
the phi-105 genome. This can be accomplished by clon- 
ing random fragments of the Bacillus chromosome into 
a plasmid (which is incapable of replication in Bacillus) 
which carries an antibiotic resistance determinant (such 50 
as pBR322). Transformed, drug resistant cells are iso- 
lated which contain the integrated plasmid. In some of 
these cells the plasmid will have integrated near to the 
site of phi-105. The unfractionated pool of drug resis- 
tant colonies is infected with the generalized Bacillus 55 
transducing phage, pBSl. Stock of pBSl, which func- 
tions in Bacillus in exactly the same manner as PlcmlOO 
functions in K coli, is used to transduce Bacillus cells to 



12. The method of claim 11 wherein the lambda pro- 
phage DNA sequence is flanked by a selectable marker 
which is a gene coding for a selectable trait and the O 
and P mutations are point mutations. 

13. The method of claim 12 wherein the lambda pro- 
phage DNA sequence is flanked on the upstream end by 
the tnlO transposable tetracycline resistance element 
and the O and P genes are the 029 and P3 genes. 

14. The method of claim 12 wherein the bacteria is an 
K coli MQ4 strain. 

15. A DNA fragment comprising (i) a selectable 
marker which is a gene coding for a selectable trait; (ii) 
a lambda prophage DNA sequence having a tempera- 
ture sensitive cl repressor gene and functional lysozyme 



drug resistance. These drug resistant transductants are 

tested to determine if they are thermosensitive, lytic 60 encoding genes such that the lysozyme-encoding genes 
bacteria. Approximately \% of transductants will have are repressed under permissive conditions and ex- 
acquired the lytic bacteria properties. pressed under restrictive conditions, wherein the pro- 

The preceding disclosure and examples show that the phage DNA sequence includes functional N, Q, S and R 
methods and compositions of matter of the invention genes, is substantially deleted in the genes lying be- 
are useful to produce and externalize products in bac- 65 tween map positions 58 and 71 and has mutations in the 
teria. While the preferred embodiments of the invention O and P genes resulting in loss of O and P gene func- 
arc illustrated by the above, the invention is not limited tioris; and, fiii) flanking DNA sequences homologous to 
to the precise constructions disclosed herein but, rather, a contiguous sequence in the chromosome of a host 
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bacteria] cell to permit recombination between the frag- 
ment and the host cell chromosome to occur. 

16. The DNA fragment of claim 15 wherein the cl 
gene is the cI857 gene, the O and P mutants are the 029 
and P3 mutants and the selectable marker is the tnlO 
transposable tetracycUne resistance element. 

17. The DNA fragment of claim 15 wherein the pro- 
phage DNA sequence is substantially deleted in the 
genes lying between map positions 3 and 71. 

18. The DNA fragment of claim 17 wherein the cl 
gene is the cI857 gene, the O and P mutants are the 029 
and F3 mutants and the selectable marker is the tnIO 
transposable tetracycline resistance element 

19. A bacteria comprising the DNA fragment of 
claim 15. 

20. A bacteria comprising the DNA fragment of 
claim 17. 

21. The bacteria of claim 19 which is an E. coll 

22. The bacteria of claim 20 which is an E. colt 

23. The bacteria of claim 21 which is an MG strain. 

24. The bacteria of claun 21 which is strain MG3, 

25. The bacteria of claim 22 which is strain MG4. 

26. A method of making a temperature sensitive bac- 
teria which comprises transforming a bacteria with a 
DNA fragment comprising (i) a selectable marker 
which is a gene coding for a selectable trait; (ii) a 
lambda prophage DNA sequence having a temperature 
sensitive cl repressor gene and functional lysozyme 



7,980 

16 

encoding genes such that the lysozyme-encoding genes 
are repressed under permissive conditions and ex- 
pressed under restrictive conditions, wherein the pro- 
phage DNA sequence includes functional N, Q, S and R 
^ genes, is substantially deleted in the genes lying be- 
tween map positions S8 and 71 and has mutations in the 
O and P genes resulting in loss of O and P gene func- 
tions; and, (iii) flanking DNA sequences homologous to 
a contiguous sequence in the chromosome of a host 
bacterial cell to permit recombination between the frag- 
ment and the host cell chromosome to occur. 

27. The method of claim 26 wherein the cl gene is the 
cI857 gene, the O and P mutants are the 029 and P3 

J J mutants and the selectable marker is the tnlO transpos- 
able tetracycline resistance element. 

28. The method of claim 26 wherein the prophage 
DNA sequence is substantially deleted in the genes 
lying between map positions 3 and 71. 

20 29. The method of claim 28 wherein the cl gene is the 
cI857 gene, the O and P mutants are the 029 and P3 
mutants and the selectable marker is the tnlO transpos- 
able tetracycline resistance element. 

30. The method of claim 26 wherein the bacteria is an 
25 R coll. 

31. The method of claim 28 wherein the bacteria is an 
R colL 
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rate of cultures of these cells (Bedwell and Nomura, 

PRECISELY REGULATED EXPRESSION OF 1986). These mildly deleterious effects represent 

DELETERIOUS GENES enough of a stress to the population of cells that cells 

within that population, which contain a mutated version 
BACKGROUND OF THE INVENTION 5 of the desired protein whose production has fewer or no 
The National Science Foundation provided funding deleterious effects compared to the non-muuted pro- 
used in part for this for this invention under grant RF tein, may overgrow those cells containing the wild type 
53 11 . Accordingly, the Federal Government may have protein. 

certain rights in this invention pursuant to 35 U.S.C § Even more deleterious gene products include many 

202. proteins which become associated with the membrane 

I. Field of the invention of the host cells, some of which effect the cell to such a 

The invention relates to an expression vector system degree that the host cells are killed (Michaelis and 

based on the regulation of bacterial luminescence (the Beckwith 1982). Some genes, in fact, code for proteins 

positive feedback lux regulatory circuit). The invention which, if expressed to any degree, even at levels as low 

funher relates to the construction of a precisely regulat- as a few molecules of the protein per cell, lead quickly 

able expression vector system which comprises a com- to the death of the host cell. These type of genes are 

plete luxR gene in combination with an inactivated luxl typified by the class of genes encoding the lysis proteins 

geni-, both of which are under the control of a common of viruses (e.g.. X lysis protein or MS2 lysis protein) and 

control region. The invention allows the precise tern- the lytic proteins of bacteria (e.g.. colicins of certain 

poral expression of gene products otherwise deleterious 20 ^^^^^^ bacteria) (Coleman ct al. 1983;'Adhya et al. 

or lethal to the cell when controlled by standard expres- 197 1 j Konisky 1 982). 

sion systems. The invention further relates to the con- ^ number of patented expression systems for use in 

trol of the expression system of the mvention by an bacterial hosts have been described. In some cases, the 

mexpensivc inducer. expression systems relate to generalized expression sys- 

Z Description of the Related Art 25 ^^^^ ^ ^^.^.^^ regulation systems 

..^l^S^r-^T? • ^T' [ «P^«^^°° of ^3^, described Other patented expression systems 

gene products m bactcna. However, clomng and ex- u^,,^u. ^ 1 *^ « 1 1 t 

pressiSn of genes which have deleterious effects on or ^""Z^ designed to allow relatively tight regula ion. 

which kill the ceUs in which they are expressed rcpre- ^^T; '^"^ "^'^T 'y''^'!'' ^^^''^ 

sents a continuing problem. Among these problem 30. > tailored for expr«sion of a particular protem 

genes are a wide airay of genes whose effects on the cell ^^'^'^ presented some difficulty usmg standard expres- 

range from mildly deleterious to those gene products ^y?*^'"^* o « vt . 

which are lethal to the ceil in even minute quantities. As , instance. U.S. Pat. No. 4,782,022 appears to re- 

used herein, a deleterious gene is any gene whose ex- construction of a vector comprising a pro- 

pression in host cells in culture would prevent that 35 ^^^^^ of a constitutively expressed gene coupled to a 

culture from achieving the normal logarithmic growth ^ene which codes for a product capable of activating 

which the culture would achieve but for the expression ^^^^^ 8*"*^ required for nitrogen fixation. U.S. Pat. No. 

of the deleterious gene. Furthermore, as used herein, an 4,775,630 appears to relate to a variant of an adenovirus 

expression system which is capable of stringently con- control region, the regulator of which is especially 

trolhng the expression of such deleterious genes is an 40 sensitive to repression by products of the gene under its 

expression system which can sufficiently limit the ex- control. U.S. Pat. No. 4,767,708 appears to relate to the 

pressionpfthe deleterious gene in host cells in culture in construction of a recombinant vector containing a 

order to allow the culture to achieve normal logarith- cloned bacterial DNA polymerase I under operable 

mic growth which the culture would not achieve with- control of a conditionally controllable foreign pro- 

but the stringent control due to some level of transcrip- 45 inoter. This patent notes that the foreign promoter may 

tion of the deleterious gene. Thus, in the case of genes he a positively regulated promoter. The invention ap- 

whose products are lethal to the cell in even minute pears to be designed to overproduce DNA polymerase, 

quantity, stringent control is that level of control which U.S. Pat. "So. 4,677,064 appears to relate to the use of 

almost completely eliminates transcription of the lethal the promoters of bacteriophage X, P/. and ^rbs* in 

gene until released from that control. 50 o«ier to construct a vector capable of overcxprcssing 

Some deleterious genes encode gene products which human tumor necrosis factor. U.S. Pat. No. 4,634,678 
if expressed in limited quantity are actually useful to the appears to reliatc to construction of a variety of expres- 
cell while if expressed in. even slightly elevated quanti- sion vectors all of which are based upon negative con- 
ties arc deleterious to the cell. For example, such genes trol systems. The patent's specification does, however, 
are epitomized by DNA-modifying enzymes such as the 55 suggest the replacement of negative control sequences 
DNA restriction enzymes used throughout molecular with positive control sequences. U.S. Pat. No. 4,578,355 
biology. If allowed to be expressed in a host which is appears to relate to the use of the Pi promoter of bacte- 
hot resistant to the restriction enzyme, the host ceH's riophage \ to construct a high level expression vector, 
own DNA is susceptible to degradation by the cloned U.S. Pat. No. 4,503,142 appears to relate to the con- 
gene's product (Rosenberg et al. 1981). 60 structioh of a class of cloning and expression vectors 

Even where a particular gene product merely stresses capable of heterologous gene expression. These vectors 

the host cell by its presence or by its overabundance, are based on the use of the lac promoter/operator of 

the production of these proteins in the cell may not be Escherichia coli (£. co/i). 

feasible. Such an effect has been observed, for insunce, All of these systems suffer, to greater or lesser de- 

wiih overproduction of several of the subunits of jE: C£?// 65 grees, from the inability to control expression to the 

RNA polymerase. Ahhough it has been possible to extent required when the gene product will kill or oth- 

overproduce the RNA polymerase subunits in host erwise seriously damage the host cell if expressed. The 

cells, their overexpression causes a reduction in growth analogy can be drawn to an electrical switch connected 
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functionally to a device capable of inflicting great harm ase with an aldehyde substrate (Meighen 1988), and the 
to those which encounter it, even if the amount of elec- luxA and luxB genes encode the a and subunits of the 
tricity reaching the device is minimal. The design elec- luciferase enzyme. The sequence of the entire lux regu- 
trical engineer would fmd it most unsatisfactory if the Ion from V. fisheri has been determined (Baldwin et al. 
only , switches available were those which constantly 5 1989). 

fed the lethal device small amounts of power. More- The current model describing the autoinduction pro- 
over, even wliere the prior art expression systems have cess suggests that a low basal level of transcription of 
provided a means for limited expression of certain dele- operonj; leads to low-level synthesis of autoinducer by 
teriousgenes, the likelihood that the gene will mutate in luxl. High cell density is required for autoinducer to 
order to prevent the deleterious effects on the host cell 10 accumulate, since it is freely diffusible across the cyto- 
from being realized has always caused concern. This is plasmic thembrane. It is by virtue of the diffusible na- 
especially true where large scale operations have been ture of autoinducer that the expression of luminescence 
envisioned. is, in nature, cell density-dependent. If the LuxR pro- 

Additionally, many of the prior art expression sys- tein, whose synthesis is regulated at the transcriptional 
terns must rely for induction of expression either on the 15 level by the cyclic AMP-catabolite gene activator pro- 
host's biochemical responses or on costly or awkward tein (cAMP-CAP) system (Dunlap and Grecnberg 
induction means. Moreover, many prior art expression 1985; Dunlap and Greenberg 1988), has also accumu- 
systems suffer from the fact that the inducer is a com- lated, it can form a complex with autoinducer capable 
pound routinely found in nature such as naturally pc- of binding to the lux operator and stimulating transcrip* 
curring sugar compounds. Thus, great care must be 20 tion of operon^. Positive feedback results from the 
taken to prevent inadvertent exposure of cells to extra- presence of luxl in operonj?, since stimulation of right- 
neous sources of such commonly encountered inducers. ward transcription of luxR and autoinducer leads to the 

The present inventors are involved in research into production of more autoinducer by increased levels of 
regulation of bioluminescence in the marine bacterium Luxl protein. In addition to this primary regulatory 
Vibrio fischerh which regulation has been studied exten- 25 circuit, several global regulatory systems in E. colihzve 
sively through cloning and genetic manipulation of the been shown to interact with the lux system to affect the 
iux system in R colt (Devine et ah 1989; Dunlap and timing of induction of bioluminescence including the 
Greenberg 1985; Dunlap and Greenberg 1988; Enge- heat shock (or32) system and the SOS response (Ulitzur 
brecht et al. 1.983; Engebrecht and Silverman 1984; 1989; Ulitzer and Kuhn 1988). Thus, the positive feed- 
Engebrccht and Silverman 1986). Expression of the lux 30 back mechanism of the lux regulatory circuitry leads to 
genes in K fischeri is controlled by a unique form of the sharp induction of the enzymes required for light 
positive feedback regulation called autoinduction, and production. 

this pattern of regulation may be duplicated by the Expression systems are needed which do not rely for 
cloned system in E co// (Engebrecht et al. 1983; Enge- their induction on expensive or otherwise inadequate 
brecht and Silverman 1986). The autoinduction re- 35 induction mechanisms. This is especially important for 
sponse is mediated by the production and accumulation commercial operation of bacterial fermentations of use- 
of a small molecule, the autoinducer, which is synthe- ful gene products. More importantly, however, expres- 
sized in the presence of the luxl gene product. This sionsystcmsareneeded which are capable of very strin- 
product molecule presumably interacts with the luxR gently regulating the expression of deleterious or lethal 
gene product to induce the synthesis of the enzymes 40 genes until such time as induction of expression can be 
required for light production. Kaplan and Greenberg used to express commercial quantities of their otherwise 
(1987) were able to overproduce the luxR gene product harmful gene products. If such systems were available, 
in E, colit dievelop a procedure for purifying this over- the expression and genetic manipulation of a wide array 
produced protein, but were unable to demonstrate con- of otherwise lethal or deleterious gene products would 
vincingly that LuxR protein had DNA-binding activity. 45 be possible via the powerful capabilities of batch fer- 

The autoinducer of V. flscheri has been identified as mentation. 
N-<3-oxo-hexanoyl) homoserine lactone (Eberhard et 

al. 1 98 1) and has been shown to be both freely diffusible SUMMARY OF THE INVENTION 

across the cytoplasmic membrane and species specific in The present invention relates to an expression system 
its ability to stimulate bioluminescence (Eberhard 1972; 50 capable of stringently regulating the expression of dele- 
Kaplan and Greenberg 1985). This molecule has been terious or lethal genes until such time as induction of 
synthesized m vitro and shown to function in a biologi- expression can be tised to express high levels of the 
cal assay (Eberhard et al. 1981; Kaplan et al. 1985). harmful gene products. The present invention further 
The lux genes are organized into two divergently relates to expression systems which need not rely for 
transcribed operons, termed rightward and leftward, 55 their induction on inadequate induction mechanisms 
which are separated by a common regulatory region which are typically bulky, expensive or both. The pres- 
(Dcvinc et al. 1988; Engrcbrecht et al. 1983; Engebrecht ent invention, therefore, funher relates to systems for 
and Silverman 1987). The luxR gene is the only known the expression of a wide array of otherwise lethal or 
gene in the leftward operon (operon^.) and encodes a deleterious gene products using bacterial fermenution. 
positive regulatory protein which, in the presence of 60 More specifically, the present invention relates to the 
autoinducer, stimulates transcription of the rightward construction of vectors which retain an intact luxR 
operon (operon;?). This interaction has recently been gene and regulatory region but which lack intact copies 
shown to require the 20-basc-pair lux operator located of all of the genes in operonj?, retaining only a truncated 
in the controK region (Devine et al. 1989). Operoni? luxl jgene. This arrangement affords a very stringently 
consists of at least ax genes QuxICDABE). The luxl 65 regulated system in which operonjz transcription is con- 
gene encodes a protein required for autoinducer synthe- trolled by the addition of an inexpensive, synthetic indu- 
sis (Engebrecht and Silverman 1984), the luxC, luxD, ccr (autoinducer), but which system now lacks the posi- 
and luxE genes encode enzymes which provide lucifer- tive-feedback mechanism. A potentially lethal tran- 
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scriptional fusion of the lysis genes (S^R.R^) from bacte- tant consideration if the protein of interest is toxic to the 
riophage \ was created in opcron/i by insertion down- host. Expression can be postponed until late in growth 
stream of the truncated luxl gene in order to test the without adversely affecting the bacterium. This point 
Bbihty of this system to express a very lethal gene. was made very clear by the unexpectedly successful 
Such an expression system possesses two key attri- 5 cloning and expression of the lysis genes from bacterio- 
butes which distinguish the invention over the prior art. phage X under control of operonj? which allows control 
First, the transcription system of the invention is not as of cell lysis by auioinduccr addition. In the absence of 
leaky as arc those of the prior art. If the system is turned autoinducer, these lethal genes can be propagated wiih- 
ofF, no significant transcription occurs of any cloned " out adversely affecting the host cells, 
gene product when used in combination with the rcgu- 10 Accordingly, an expression system has been invented 
latory scheme of the invention. The surprising and un- which consists of a lux regulatory circuit connected to 
expected level to which regulation can be controlled and capable of stringently regulating expression of a 
with this system was demonstrated convincingly by gene. In a preferred embodiment of the present inven- 
using the bacteriophage X lysis genes. These bacterio- tion. at least one product of the cloned gene will be 
phage lysis gene products are lethal to bacteria where 13 deleterious to the host cells used to express the gene, 
even low transcription levels are allowed. Only a sys- The deleterious effect may be one which directly oc- 
tem which almost thoroughly stops transcription can be curs as a result of the presence of the gene product in 
used to express such lethal proteins. . the cell such as with a lysis protein. However, the dele- 
Coupled with the novel expression system, the sec- . terious effect may equally well be an indirect effect such 
ond distinguishing attribute of the invention relates to 20 as where membrane jamming occurs which eventually 
the nature of the event which turns on transcription. leads to the death of a cell. 

The present inventors and others have found that other The expression system may be used independent of 

expression systems use either awkward or expensive other regulatory systems. Alternatively, one embodi- 

events to stimulate synthesis of the cloned gene prod- inent of the invention would include the use of the lux 

uct. The stimulatory event of the present invention, 25 expression system operably linked to a second regula- 

however, relics on the addition of exogenous autoin- tory system or systems in order to achieve control of 

ducer which is both inexpensive and easy-to-use and the second regulatory system by the lux expression 

which is required in only minute amounts. Additionally, system. 

this compound is not found routinely in nature avoiding In this manner, the binding of the LuxR-autoinducer 

problems of inadvertent induction found in prior art 30 complex can also be adapted to perform a negative 

systems. regulatory role. If the recognition sequence for LuxR- 

The present inventors set out to develop a flexible autoinducer is situated near a promoter such that its 

prokaryotic expression system utilizing the regulatory binding prevents the binding of RNA polymerase, then 

genes isolated from the marine bacterium Vibrio fischen. it becomes a repressor. Over two thousand-fold induc- 

The present inventors knew that V. fischen displayed 35 tion has beeii achieved with this strategy using lac re- 

both a dramatic increase in the rate of luciferase synthe- pressor and its operator (Lanzcr and Bujard 1988). 

sis following induction, apparently due to a unique The lac system is controlled by inducers, usually 

positive feedback mechanism, and an enormous differ- isopropylthio-^S-galactosid'e (IPTG) or allolactose, 

cnce (ca. 105) in levels of luminescence in cells before which, when bound to the lac repressor, reduce its 

and after induction. The present inventors have demon- 40 affinity for the lac operator, thereby relieving repres- 

straied that a 20 base pair inverted repeat. ACCT- sion. Ho\yever, if LuxR were used as a repressor, its 

GTAGGA*TCGTAGAGGT, is the binding site for effector (autoinducer) would act as a co-rcprcssor, 

the LuxR-autoinducer complex. They have also found much hke L-tryptophan does with the irp repressor! 

that deletion of sequences upstream of the palindrome The trp repressor-operator system can be "induced" if 

leads to increased transcription from the rightward 45 3-^-indoleacrylic acid (lAA). a tryptophan analogue, is 

promoter, indicative of a cis-acting element(s) that re- administered while sufficient L-tryptophan is present in 

presses transcription in the absence of LuxRAutoin- the cell to cause repression (Joachimiak et al. 1983). The 

ducer. Modifications of the palindrome that eliminate lAA competes with L-tryptophan for the trp repressor 

stimulation by LuxR:autoinducer of transcription from but the repressor-IAA complex docs not bind tightly to 

P/l have no effect on repression by the cis-acting me- 50 the trp operator, so repression is reUeved. 

chanism(s), suggesting that the paUndromc is not neces- Eberhard and co-workers have synthesized autoin- 

sary for rcprcMion of the rightward operon. thus, it ducer analogues and have shown several of these to be 

appears that the large increase in transcription upon potent competitive inhibitors of autoinducer in Vibrio 

induction of the lux regulon is the result of at least two fischeri (Eberhard et al. 1986). It is possible that one or 

mdependent mechanisms, one positive and the other 55 more ofthc analogues. UkelAA with the trp repressor 

negative. These unexpected findings lead to the realiza- could relieve repression by LuxR. If this approach 

tion that a unique system of expression might be possi- proves impractical, relief of repression can be accom- 

ble which would allow a very stringent control of genes plished by harvesting the cells and resuspcnding them in 

functionally connected to such an expression system. friesh, autoinduccr-frec, culture medium. 

The objective^ of the present inventors has been, 60 The advantage of the LuxR "repressor" configura- 

therefore, to design and construct a unique vector in tion is that one can make use of the specificity of LuxR 

which induction is controlled by the addition of autoin- for its economical, non-metabolizable effectors without 

ducer. The requirement for autoinducer is accom- relying on the specific protein-protein contocls between 

phshed by deletion of the luxl gene so that expression of LuxR and prokaryotic RNA polymerases that are 

the cloned gene can only be accomplished by addition 65 needed for transcriptional activation. Because only 

of autoinducer. The basal level of rightward transcrip- DNA binding is required of LuxR for repression and 

tion is very low because the lux system is tightly re- because of the apparent permeability of membranes to 

pressed in the absence of autoinducer. This is an impor- autoinducer, this technology and its benefits could be 
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extended to distantly related prokaryotic systems (e.g. nation with* the regulatory circuits of the present inven- 
gram-positive bacteria) and perhaps even to feukaryotic tion. 

systems like yeast and cultured animal or plant cells. It is, of course, possible to use the expression system 

In a highly preferred embodiment of the present in- of the present invention in the native Vibrio host or in 
vcntion, the lux regulatory circuit consists of a luxR 5 related bacterial species. However, in a preferred em- 
gene derived from the operonx, of a lux regulatory cir- bodiment, the expression system will be used in con- 
cuit. The luxR gene is under regulation of the control junction with Escherichia coli cells, 
region of the lux regulatory circuit and operably linked The present invention also relates to construction of 
to it. The lux control region is further connected to a vectors designed to carry lux regulatory circuitry asso- 
portion of operpn/t. The rightward operon normally 10 ciated with the expression systems of the invention. In a 
consists of intact and sequentially oriented genes, luxIC- preferred construction, such vectors will contain a tnin- 
DABE, but in this highly preferred embodiment the cated luxl gene functionally connected to a multiple 
operon only retains a truncated luxl gene in order to cloning site downstream of the truncated portion. Such 
disrupt the normal positive feedback associated with the multiple cloning sites are well known in the art and 
rightward operon. The lux regulatory region of the 15 consist of a number of restriction cndonuclease sites for 
present invention may be obtained from a number of case of cloning gene-containing fragments downstream 
different bioluminescent bacteria as will be well under- of the luxl truncation. 

stood by those of skill in the art. In certain preferred A method for expression of a deleterious gene is pro- 
enabodiments, the lux regulatory circuit is isolated from . vided by the present invention as well. The steps in- 
Vibrio fischerL 20 elude constructing a vector with a lux regulatory cir- 

The expression system of the present invention is cuit, functionally connecting a deleterious gene to the 
designed to allow expression of any deleterious gene lux regulatory circuit, transforming the vector contain- 
products. However, in certain preferred embodiments ihg the regulatory circuit and deleterious gene into a 
the expression system may be used to express the prod- host cell and growing the resulting host cells to a late 
uct of a gene which, when expressed, is lethal to the 25 phase of growth in which there are many such cells 
host cell. Expression of a particulariy lethal gene is with many such vectors and then inducing expression of 
provided in a preferred embodiment where lysis genes the deleterious gene by adding an exogenous inducer to 
S, R and R^of bacteriophage X are expressed using the the growth medium of the bacterial culture, 
expression system of the present invention. Similar 

genes would include the lysis genes of the MS2 vhus 30 ^^^^^ DESCRIPTION OF THE DRAWINGS 
and the lytic peptides of the enteric bacteria such as FIG. 1. Construction of the lysis vector pGS102. 
colicins. Small arrows indicate the 5'-to-3' direction of the gene 

Additionally, the expression system of the present indicated, and large arrows indicate cloning steps taken 
invention is designed such that induction of expression during the construction of the pGS102 plasmid 
is controlled by addition of an inducer to the environ- 35 (kb=Kilobases). Deletion of the DNA segment from 
ment of the host cells containin g the expression system. SnaBI to Ball shown in pGS102 results in the preferred 
Naturally occurring inducer may be used. In one em- construction pGS103. 

bodiment, naturally occurring autoinducer produced FIG. 2. Growth of cultures of £ coli TBI carrying 
cndogcnously within the host cell carrying the expres- the plasmid pGSl03 and demonstration of autoinducer- 
sion system of the present invention may be achieved as 40 dependent cell lysis. Autoinducer (5 ^M) was added 
a function of the density of the host cells in culture. from the beginning of the experiment where indicated. 
Since luxl, whose product is necessary for the synthesis FIG. 3. Autoinducer response of pJHDSOO and three 
ofendogcnously-produced autoinducer, is the first gene LuxR- pJHDSOO derivatives, Symbols: • and o, 
in operon/j, LuxR stimulation leads to the synthesis of pJHD500-wiid type LuxR;l. H127Y; ♦ V82L;A. V821. 
more autoinducer and a positive feedback loop is ere- 45 Open symbols indicate no autoinducer added to the 
ated leading to a sharp induction of operon/j. The tim- culture, and closed symbols indicate the addition of 2.5 
ing of induction is therefore a function of the basal level autoinducer from the beginning of the experiment, 

of rightward transcription, which determines the rate of FIG. 4. Critical regions of the LuxR protein defined 
initial accumulation of autoinducer. Vectors containing by random mutagenesis and the primary sequence of the 
the intact luxR and luxl genes wUl allow the density- 50 autoinducer-binding region d). Boldface type indicates 
dependent regulation to be imposed on a target gene random mutations isolated in this study which map 
cloned downstream of luxl in operoni?. The timing of between residues 79 and 127. Open type indicates ran- 
induction can then be altered through mutagenesis of dom mutations isolated by Slock et al. (1990) which 
the rightward promoter, allowing variable basal levels map between residues 79 and 127. Letters in parentheses 
of transcription to be achieved and induction of the 55 indicate, amino acid changes introduced by site-directed 
target gene to occur at a chosen cell density. mutagenesis. The second critical region is defined by 

However, in a preferred embodiment, the inducer mutations isolated by Slock, etal. (1990) and the H2 1 7Y 
will be an exogenously added inducer. In general and mutation isolated in this study (ft), 
overall embodiments, the inducer must be able to in- 
duce the expression of the leftward operon to a degree 60 DESCRIPTION OF PREFERRED 
adequate to initiate transcription in the rightward op- EMBODIMENTS 
cron (See, e.g., Eberhard et al. 1986 for functional ana- The foUowing examples describe, in detail, the steps 
logs). In a most preferred embodiment, the inducer will . required to practice the present invention and demon- 
be the inexpensive and readily-synthesized molecule, strate the utility of the expression system of the present 
N-(3 -oxo-hex^noyl) homoserine lactope. In certain 65 invention when used in combination with a very lethal 
thcr embodiments, the inducer will be an autoinducer gene product, the lysis genes of X bacteriophage. In 
characterized as a small diffusible molecule capable of particular, the construction of a plasmid vector which 
the requisite capability to control expression in combi- retains an intact luxR gene and regulatory region but 
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lacks all of the genes in the operon/?, retaining only a similar to pGS102, except the lux A and luxB genes, 
truncated luxl gene is described. This arrangement re- encoding the subunits for the luciferase enzyme from 
suited in an expression system in which operon/? tran- Vibrio harveyi, were cloned downstream of the trun- 
scription is controlled by the addition of synthetic au- cated luxl gene, creating a bioluminesccnt transcrip- 
toinducer but which lacks the positive*feedback mecha- 5 tional reporter for operonx. DNA containing mutations 
nism. The potentially lethal transcriptional fusion of the in the luxR gene generated in pGS102 and pGSlOB 
lysis genes (S,R,Rx) from bacteriophage X was created were subcloned into pJHD500 in order to quantitatc the 
in opcronjj by insertion downstream of the truncated ability of the mutant LuxR proteins to stimulate right- 
luxl gene demonstrating the utility of the invention for ward transcription. 

the expression of a very lethal lytic gene product. In 10 Growth ofcultures and measurement ofthe Extent of 
another demonstration of the utility of the present in- Cell Lysu. Thie ability of the mutant LuxR proteins to 
vention, vector (pGS102) was used in a lethal genetic respond to autoinducer was determined by monitoring 
selection in conjunction with a subsequent lumines- cell growth and aldehyde-stimulatable luminescence of 
cence screen to recover point mutations in the luxR samples withdrawn from cultures g;rown in 50-ml cul- 
Scne. 15 ture flasks containing (initially) 12 ml of Luria-Bcrtani 

EXAMPLE I ^^^^ naedium with carbenicillin (100 ftg/ml) at 30* C. in 

a New Brunswick model G76 gyratory water bath 

Enzymes and chemicals. Restriction enzymes and T4 sh^er at 200 rpm. Inoculation was from overnight 
DNA ligase were purchased from New England Bi- cultures grown at 30* C. and diluted 1/200 (vol/vol), 
olabs, Inc., or Bochringer Mannheim Biochcmicals. 20 Samples (1 ml) were removed at various times during 
Kleriow fragment of E, coU DNA polymerase I and growth. Cell density was determined as the optical 
inodified T7 DNA polymerase (Scquenasc) were piir- density at 600 nm (OD«oo) by using a Mihon Roy Spec- 
chased from United States Biochcmicals. ATP and tronic 601 spectrophotometer. The same samples were 
dcoxyribonucleotidcs were obtained from Pharmacia then used for luminescence measurements in vivo by 
LKB. Radiolabeled dATP was obtained from Dupont, 25 transferring the sample into a 20-ml scintillation vial, 
NEN Research Products. Hydroxylamine hydrdchlo- placing the vial in a photometer, and injecting 1 ml of a 
ride and n-decanal were obtained from Sigma Chemical sonicated solution of n-decanal (10 /i] of aldehyde per 
Co. All other chemicals were of the highest quality 10 ml of LB medium). Peak light emission was moni- 
commercially available. tored by using a photomultipiicr-photometer for which 

Cell strains. All growth experiments were performed 30 1 light unit represents 9.8 X 10' quanta/s, based on the 
using R colt TBI pisdR AOac pro)]. E, coli CAa404 liquid light st^dard of Hastings and Weber (1963). 
(crp* was a gift of Pete Grecnberg, but is readily obtain- Data depicting cell lysis were collected by monitor- 
able by methods known well to those of skill in the an) ing culture growth in 125-ml culture flasks containing 
was used to achieve better complementation with luxR 20 ml of LB medium with carbenicillin (100 ^g/ml) at 
in trans. This strain produces a mutjant CAP which does 35 30" C. in a Neiw Brunswick Aquatherm water bath with 
not require cAMP to activate transcription from shaking at 100 rpm. Duplicate cultures were inoculated 
cAMP-CAP-regulated promoters. by dilution (1/200 [vol/vol]) of an overnight culture 

Plasmid constructions. Construction of the lysis vec- grown at 30' C. with an additional of autoinducer of 
tor pGS102 is summarized in FIG, 1. pGS102 was con- one of the cultures immediately after- inoculation. Cell 
structed from the plasmid pSBlOl, which contains a 40 lysis was detected as a drop in the ODaoo of the culture. 
Bglll restriction fragment harboring the biolumines- Pure autoinduder was synthesized by the method of 
cence genes luxR. -I, -Q and -D' cloned into the BamRI Eberhard ct al. (iEbcrhard ct al. 1981) and was stored as 
site of pBR322 with the transcription of operon/; ori- a 50 mM solution in water at 4* C. This stock was fur- 
ented opposite that pfthe let gene. To eliminate produc- ther diluted into the growth medium to the desired 
tion of the autoinducer via the luxl gene product, 45 concentration. The concentration of autoinducer was 
pSBtOl was digested with Clal, filled with Klenow calculated by using the weight of the dried, purified 
fragment, partially digested with Hindi, and jigaicd to material and a molecular mass of 213 g/mol for autoin- 
yield plasmid p.SB103 containing a truncated luxl gene ducer. 

fused at the Clal site of pSBlOl. The lysis genes of Colonies containing pJHDSOO and its luxR mutant 
bacteriophage X (S, R, and R^ were isolated on a 1.5- 50 derivatives were screened for luminescence on solid 
kilobase EcoRl restriction fragment from plasmid medium by applying h-decanal to the lid of a petri dish 
pSRI, which is a derivative of plasmid pRGI (Raab ct and observing the glowing colonies in a dark room, 
al. 1986) with the unique Hindlll site converted to an It is important to note that certain problems were 
EcoRI site by using synthetic adapters. This EcpRI encountered in this study while adapting the lysis 
fragment was subsequently ligated into the EcoRI site 55 method to the lux system which were mainly a result of 
of pSB103 to yield pGS102. Restriction analysis was different temperature requirements for the lux system 
used to screen for the proper orientation of the lysis isolated from a marine bacterium, and the lysis genes 
genes in the pGS102 construction which generated a which normally function in the enteric bacterium K 
transcriptional fusion between operonij of the K fischeri coli. For example, when R coli carrying a lysis plasmid 
lux genes and the X lysis genes, which were now located 60 was grown at 37* C, cell lysis, was observed in the 
downstream of the truncated luxl gene. absence of autoinducer. However, cell lysis was not 

A SnaBI-Ball deletion of pGS102 was constructed to observed in the absence of autoinducer when the cul- 
remoye K fischeri DNA that was downstream of the tures were grown at 30* C. or lower. This apparently 
luxR gene in the operon/.. This construction was called resuhed from either an increased basal level of iran- 
pGS103 and exhibited the same lysis phenotypc as 65 scription of pperon/e at 37* C. or the abilhy of the pro- 
pGS 102. tein products of lysis genes to function more efficiently 

The construction of plasmid pJHD500 has been de- at the higher temperatures. Temperature therefore ap- 
scribed earlier (Dcvine et al. 1989). This plasmid is pears to be one parameter which can be adjusted to 
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Optimize the conditions for the lysis selection and may 
provide a means for controlling the lethality of the lysis 
genes, allowing selection of a variety of mutants. 

Mutant selection in liquid medium. A variety of 
growth conditions were used for lysis selection in liquid 
medium. Temperatures were varied between 24" and 
37' C, and M9 minimal medium supplemented with 
glycerol (0.2%), proline (40 fLg/ml), and thiamine 
(0,001%) was used as well as LB medium. Autoinducer 
concentrations were varied between 0.5 and 5 fiM. In 
all experiments, 5fml cultures of £ coli TBI containing 
plasmid pGS102, prepared by inoculation from over- 
night cultures by dilution (l/lOO) into medium contain- 
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Demonstration that the lysis phenbtype is under lux 
control. The lysis vectors pGS102 and pGS103 both 
allowed expression of the lysis phenoiype to be con- 
troDed by the addition of synthetic autoinducer. A 
SnaBI-Ball deletion of pGS102 was done to create 
pGS103 (FIG. 1). The deleted sequences consisted of 
uncharacterizcd K fischeri DNA and a portion of the 
pBR322 vector. Removal of these sequences had no 
effect on the induction of cell lysis by the addition of 
autoinducer. A Budapest Treaty Deposit was made 
prior to the filing of the present patent application with 
the United States Patent and Trademark Office to the 



mg carbenicaiin (100 M8/ml). were used. Duplicate ,j American Type Cull^^^ ci^ur^^^^^ 



cultures were incubated with and without autoinducer 
until cell lysis was observed visually as a loss of the 
turbidity of the culture. Cultures were then diluted into 
fresh medium, plated onto solid LB medium, and incu- 



deposit has been assigned accession number ATCX 
40830. 

When autoinducer was added from the beginning of 
the growth experience or at an early point in growth, a 



bated at 30' C. to allow growth of surviving cells. In 20 lag was observed prior to cell lysis while LuxR protein 



some cases, the lysed cultures were pelleted^ resus- 
pended in fresh autoinducer-containing medium, and 
taken through a second lysis induction (double-induc- 
tion experiment). 

Hydroxylamine mutagenesis and screening on solid 
medium. Hydroxylamine mutagenesis was done essen- 
tially as described previously (Humphreys et al. 1976). 
Purified pGS103 (2,5 fig) was suspended in 250 pA of a 
IM hydroxylamine solution at pH 6.0. The hydroxy- 
lamine solution was prepared by mixing 125 ftl each of 
a 2M hydroxylamine solution (0.7 g of hydroxylamine 
hydrochloride dissolved in 6.56 ml of 4N NaOH and 
adjusted to 5 ml with sterile water) and a 2xTE solu- 
tion (200 mM Tris CI. pH 6.0. 2 mM EDTA). This 
mutagenesis mixture was incubated at 65° C. for 35 min, 
and the modified DNA was precipitated with 2 volumes 
of ethanol after the addition of ammonium acetate to 
IM. The pellet was suspended in TE (pH 8.0), and 0.25 



25 



30 



35 



accumulated. A typical lysis curve is shown in FIG. 2. 
At 30" C. in LB medium, with autoinducer added at the 
beginning of the experiment, cell lysis was observed as 
a decrease in the OD^oo of the culture between 4.5 and 
5 h after initial inoculation of the culture (ODeoOi 1.2), 
followed by a steady decrease in ODgoo during the next 
several hours. When autoinducer was added at a later 
point during culture growth, the lag period was de- 
creased. The lag could be almost completely eliminated 
if £1 coli CRP* was used, since the stimulation of luxR 
expression by cAMP-CAP does not require the accu- 
mulation of cAMP in this strain (data not shown). These 
observations suggest that the timing of induction was 
mainly a function of the cAMp-CAp stimulation of 
luxR expression. 

Selection of mutants following lysis induction in liq- 
uid medium. Selection of lux regulatory mutants was 
accomplished by the addition of autoinducer to cuhures 
grown in liquid medium at 24' C. and allowing the 



Jig was used to transform competem R coIiTBL Trans- 40 culture to incubate overnight (12 to'l4 h) with shaking 
formed cells were plated in duplicate onto solid. LB Cells surviving the lysis induction were then grown on 
medium containing carbenicillin (100 fig/ml) with and solid medium. Two problems were encountered with 
without 5 /iM autoinducer. Mutant colonies were this procedure. First, a background of colonies was 
screened as normal opaque colonies on autoinducer- observed which retained the ability to lyse when 
containing plates against a background of translucent 45 screened in liquid medium for a nonlysing phenotype. 
colonies (see, Example II, infra). Second, a considerable proportion of the colonies iso- 
DNA sequencing. Double-stranded plasmid DNA lated from the selection which did retain a nonlysing 
was prepared from overnight cultures by the alkaline phenotype carried plasmids which had suffered dele- 
lysis method (Maniatis et al. 1982). The DNA pellets ^^^^ and/or other rearrangements of the original 
were then treated with RNase A and precipitated with pGS102 plasmid. The fprmer problem was partially 



polyethylene glycol 8000. The purified DNA was then 
denatured with NaOH and used as template for se-. 
quencing by the dideoxy-chain termination method 
using modified T7 DNA polymerase (Sequenase) 
(Tabor and Richardson 1987). Sequencing primers used 
to sequence luxR have been described elsewhere (De- 
vine et al. 1989). 

Site-directed mutagenesis. Site-directed mutagenesis 
was done by the method of Kunkel et al. (1987). with 



55 



eliminated by pelleting the cells from the initial lysis 
induction, suspending them in fresh autoinducer-con- 
taining medium, and taking them through a second lysis 
induction uiider identical conditions. Dilutions plated 
from these cultures exhibited a lower background of 
surviving nonmutant colonies. 

From the double-induction experiment in M9 me- 
dium at 24*. C, 18 colonies, which were presumably 
mutant, were picked and grown overnight to isolate of 



sluTJ v.ri»tio^r^^^^^ • ' • • " Pl^^'id DNA and to screen for a nonlysing phenotype 

SS^i ul^T^ 1"^?.!: ?^,^'^ uracil^ontawmg ^^jimn. All 18 mutants exhibited a nonlyskg 



DNA isolated from phagemid-infected cells was used as 
a tcinplate for the mutagenesis reactions. Purification of 
the template was done as described earlier (Devirie et al. 
1989), except the starting plasmid was pVFS185, which 65 
is a derivative of pTZlSR (Pharmacia) containing a 
Sad restriction fragment harboring most of luxR, all of 
luxl and luxC, and a portion of luxD. 



nonlysing 

phenotype, and 13 of these 18 isolates had wild-type 
restrictions patterns for the pGSlD2 plasmid. To screen 
for mutations which were not plasmid-bome, the plas- 
mid DNA from the remaining 13 mutants was retrans- 
formed into wild-type R coli and again screened for 
lysis in response to autoinducer in liquid medium. By 
this criterion, six of these mutants (L2S2, L2S9, L2S14, 
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L2S18, L2S20, and L2S21) were results of non-plasmid 
borne mutations and were probably results of E. coli 
chromosomal mutations which prevented cell lysis. The 
remaining seven mutants were judged to be plasmid 
borne and were next screened for luxR null phenotypes 
by checking for lysis in the presence of autoinduccr 
with luxR supplied in trans on a compatible plasmid 
(PAC102). All seven of the mutants (L2S3, L2S5, L2S7. 
L2S8, L2S10, L2S1S, and L2S 17) exhibited a luxR null 
phenotype. The nucleotide sequences of the luxR genes 
from the luxR null mutants were determined, and the 
results are shown in Table 1. No mutation was identified 
within the luxR coding region for the L2S10 and L2S15 
isolates. 

TABLE 1 

Sttonmary of luxR point mutations isolated 



14 



MutttioD 
designation 


luxR 

nucleotide 
change* 


LuxR amino 
acid change 


Lysis 
selection^ 


L3S3 


T-114 to A 


C-38 to TGA (stop) 


L 


L2SS 


0-325 to T 


V109L 


L 


L2S7 


G.368 to T 


S123I 


L 


US8 


G.352 to T 


L118F 


L 


L2SIT 


T.302 to G 


Y-I69to TAG (stop) 


L 




C-308 to A 


R170R (silent) 




XS-2 


G-244 to A 


V821 


S 


XS-3 


C-649 to T 


H2nY 


s 


XS-4 


G-235 to A 


D79N 


s ■ 



10 



15 



20 



25 



'Pcaitians are numbered from 1 siarting with ihe A of the AUG sun codon for luxR 
indicated by Dcvinc t\ al. (1988). 

Lyw xlecdoa in liquid ittcdium: S. lysis screen on solid medium aAer hydroxy- 
e muugenesis (see. Eianplc 1. supra). 
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Hydroxylamine mutagenesis and lysis screen on solid 
medium. Attempts to select mutants by the lysis tech- 
nique on autoinducer containing solid medium resulted, 
as with the liquid medium selection, in a large back- 
ground of colonies which retained a lysing phenotype 
when screened in liquid medium. The desired mutant . 
colonies could, however, be discriminated from the 
backgrouiid of surviving nonmutant colonies as a nor- 
mal versus translucent phenotype. The translucent phe- 
notype was presumably due to a heterogeneous popula- 
tion of ly&ed and unlysed cells. In order to increase the 
frequency of mutant colonies, the plasmid pGS103 was 
modified by reaction with hydroxylamine in vitro prior 
to screening for inutants on autoinducer-containihg "^^ 
solid medium. By this method, approximately 15% of 
the colonies were of the mutant phenotype in the hy- 
droxylamine experiment, whereas in the control experi- 
ment of unmodified plasmid, mutant colonies were, ob- 
served only at very low frequencies. Twenty mutant 
colonies were isolated with this screen, and plasmid 
DNA was prepared for further study. 

Quantitation of autoinducer response of luxR point 
mutations. To recover mutations of the luxR gene, re- 
striction fragments containing portions of the luxR gene ^5 
from the 20 mutants isolated by the hydroxylamiiie 
experiment described above were subcloned into the 
bioluminescent rightward reporter vector pJHD500 
and screened as dim colonies on autoinducer-containing 
solid medium. Colonies of cells containing pJHD500 60 
with a wild-type luxR were bright under these condi- 
tions. Eight dim mutants were picked from this screen, 
five of which possessed a wild-type restriction pattern, 
indicating an intact luxR gene. Three of these were 
sequenced and shown to contain point mutations in 65 
luxR resulting in changes in the LuxR amino acid se- 
quence of Val at position 82 to He, hereinafter desig- 
nated as V821, H217Y. and D79N (Table 1), In addi- 



50 



tion, the three missense mutations and the L2S3 non- 
sense mutation isolated by the liquid lysis induction 
were subcloned into pJHD500 to allow transcription 
from operon/i to be measured. To screen for mutations 
which could respond to higher concentrations of au- 
toinducer, cells containing the luxR mutant derivatives 
of pJHD500 were replica plated onto solid medium 
with and without 5 fiM autoinducer. The LuxR protein 
with the amino acid change of V821 was the only mu- 
tant observed by a visual screen to respond to this (ele- 
vated) concentration of autoinducer. To further exam- 
ine the autoinducer response of the change at position 
82, a second mutation was introduced by site-directed 
mutagenesis which changed the valine at this position to 
leucine instead of isolcucine. 

A similar genetic study of the LuxR protein from V, 
fisckeri MJl has been reported by Slock et al. (1990). 
These authors describe the isolation of several LuxR 
niissense mutations, one of which was observed to re- 
spond to higher concentrations of autoinducer. This 
mutation resulted in the replacement of the histidine at 
position 127 with tyrosine. In order to quantitate the 
autoinducer response of this mutation with out reporter 
vector, the same mutation was constructed by site- 
directed mutagenesis and subcloned into pJHDSOO. The 
change was introduced by site-directed mutagenesis 
rather than by subcloning of the Slock ct al. (1990) 
mutation because of the two different strains of K Jis- 
cheri which were used (ATCC 7744 and MJl) and 
which have been shown to have differences in the 
amino acid sequence at four positions within the LuxR 
protein (Devine et al. 1989), Thus, the present inventors 
wanted to ensure that the observed phenotype was the 
result of the change ai position 127 and not due to strain 
differences in the LuxR protein. 

Growth curves and luciferase assays in vivo were 
done for the total of nine luxR mutations cloned in the 
reporter vector pJHD500. The autoinducer response 
was measured as the ability of the mutations to stimulate 
opcronj? uanscription in the presence of autoinducer 
(2.5 iiM) above the basal level observed in the absence 
of autoinducer. The results are summarized in Table 2, 
and complete growth curves of those mutations which 
respond to autoinducer are shown in FIG. 3. The results 
presented in FIG. 3 and Table 2 demonstrate that the 
change of V821 responded with an activity of approxi- 
mately 70% that of the wild-type protein (23-versus 
33-fold stimulation above the basal level at an ODfioo of 
1.5). The site-directed changes of V82L and H127Y 
responded to a much lower extent, giving only 8 and 
6% of the stimulation of the wild-type protein, respec- 
tively. The change of D79N was observed to reproduc- 
ibly give stimulation of about 1% that of the wild-type 
protein at a lO-fold-highcr autoinducer concentration 
than that used in the above experiments (data not 
shown). Both of the position 82 mutants, as well as the 
H127Y mutant, were screened for response to a range of 
autoiziducer concentrations. With all three of these 
variants, it was found that elevated levels of autoin- 
ducer were required to compensate for the lesion (data 
not shown). None of the remaining mutations exhibited 
significant autoinducer-depcndent stimulation (Table 
2). 
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Autoinducer response of luxR point mutations 





Light units/ml* 






LuxR 




With 






vtrlint of 


Without 


autoinducer 


Stimulation 


% 


pJHD500 


autoinducer 


(2.5 jiM) 


(fold) 


Stimulation 


pJHDSOO 


8.0 


265 


33 


100 


US3 


9.0 


9.0 


None 


0 


D79N 


9.0 


10.0 


None 


O' 


V82I 


7.5 


175 


23 


70 


V82L 


8.0 


20.0 


2.5 


8 


V109L 


7.0 


8.0 


None 


0 


LU8F 


8.0 


8.0 


None 


0 


S123I 


6.5 


6.0 


None 


0 


HMTY 


8.0 


15.0 


1.9 


6 . 


H2I7Yd 


2.0 


2.3 


None 


0 
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^eak light eminion memiured from I ml of culture at tn OC^ of l.S. 

'Values ate given relative to the stimuhtioo achieved by the wild-type LuxR 

protein encoded by the pJHDSOO construction. 

'At a lO-ftdd-faif her autoinducer ooocentratioD, the lapoiuc of D79N is about 1% 
that of the wild'type protein. 

H2ITir diU were collected during a difTenat growth expeximeni under a 
difTerent set of conditions than was used for the other tnuutions shown in Table 1 
(IX rpm, 29* C» 2.5 jiM autoinducer). 



Location of random mutations in luxR. The locations 
of the randomly generated mutations isolated in this 
study are shown in FIG. 4 along with two mutations 25 
isolated by Slock ei al. (1990), G121R and H127Y. 
which reside in the same region of the LuxR primary 
sequence. A total of seven randomly generated missense 
mutations occur within a 49-amino-acid stretch of the 
LuxR protein spanning residues 79 to 127 labeled as the 
autoinducer-binding region in FIG. 4 (see, Example HI, 
infra). One mutation isolated during the luminescence 
screen, H217Y, occurred within a second critical region 
in LuxR spanning residues 184 to 230 and defined pri- 
marily by mutations isolated by Slock ct al. (1990) (FIG. 
4). 



tion does not require S gene function; therefore, muta- 
tions which decrease transcription of the lysis cassette 
will not lyse even in the presence of chloroform, while 
mutations in the S gene will allow lysis in the presence 
5 of chloroform since the transglycosylase can still accu- 
mulate and is free to enter the periplasm. 

In this study, the X lysis cassette was used to isolate 
mutations in the luxR gene, from V.fischeri with £ coU 
as a host for the cloned lux genes. A transcriptional 
fusion was created between the bacteriophage X lysis 
genes and bperon/e by insertion downstream of a trun- 
cated lux] gene. The resulting plasmid allowed cell lysis 
to be controlled by the addition of synthetic autoin- 
ducer to the growth medium. Mutations in the luxR 
gene generated by variations of this lysis selection were 
subcloned into the luminescent reporter vector 
pJHDSOO. which created both a secondary screen for 
defective LuxR proteins and a method for quantitating 
20 the ability of these LuxR variants to respond to autoin- 
ducer. 

A total of seven randomly generated missense muta- 
tions have been characterized, and by DNA sequence 
analysis, the lesions have been shown to occur within a 
49-amino-acid stretch of the LuxR primary sequence. 
An additional mutation introduced by site-directed mu- 
tagenesis changed the valine at position 82 to leucine. A 
change of valine to isoleucine at position 82 of LuxR 
resulted in a protein with 70% of the autoinducer- 
dependent transcriptional stimulation capacity of the 
wild-type protein, while changing this same valine to a 
leucine resulted in a protein exhibiting only 8% of the 
wild-type response (Table 2). The abihty of such con- 
servative changes at position 82 of LuxR, valine to 
isoleucine and valine to leucine, to dramatically affect 
the autoinducer response of the resulcing proteins sug- 
gests that this residue may be involved in direct interac- 
tion, with the autoinducer molecule. A total of four luxR 
mutations yielded proteins which exhibited an ability to 
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EXAMPLE III 
Several features of the lysis gene cassette from bacte 

riophage X make it generally useful as the lethal compo- 40 sVfmidatrt^aJircri^^^^^^ roweMhali" 

pent m a lethal geneuc selection. The results of an ex- wild-tVDe levels/while th^ r^n^inir,. h,.R m„toti««c 



hausiive mutational analysis of the bacteriophage X S 
gene revealed that host mutations which confer resis- 
tance to the lethal action of the S protein are not recov- 
ered, since the S protein apparently acts alone in form- 
ing the lethal pore in'the cytoplasmic membrane (Raab 
ct al. 1986). This is not true for many other lethal prote- 
ins, which require interaction with host components in 
order to exert their lethal functions. The S gene is the 
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wild-type levels, while the remaining luxR mutations 
did not allow any detectable autoinducer-dependent 
stimulation, even at elevated concentrations of autoin- 
ducer. The clustering of the seven randomly generated 
mutations within the region spanning residues 79 to 127 
of the LuxR protein demonstrates that this region of the 
protein is critical for activity. The ability of several 
mutations within this region to respond to elevated 



only lethal gene of the three comprising the lysis cas- 50 concentrations of autoinducer suggests that the autoin 
' ducer-bmdmg site is composed, at least in part, of amino 

acids residing within this region. 
- The possibility that the mutations in the proposed 
autoinducer-binding region may result in the produc- 
tion of unstable proteins which could give rise to the 
defective autoinducer response phenotype observed 
cannot be ruled out by the data of the present invention. 
However, two additional mutations isolated by Slock et 
al. (1990), G121R and H127Y, were shown by Western 



sctte, and it consists of only 107 coddns. The small size 
of the S gene makes it a small target for mutauon, and 
therefore, the frequency of recovering mutations in the 
lysis cassette which prevent lethality is very low; In 
addition, many of the codons constituting the S gene are 55 
not mutable by transitions to "knockout" missense mu- 
tations or non-sense mutations which result in loss of S 
protein function. Lastly, a simple secondary screen can 
distinguish between the desired transcriptional control 



mutants and unwanted S gene mutants. This screen 60 inununoblot analysis to be synthesized in vivo at levels 



utilizes the ability of a limited amount of chloroform to 
substitute for S protein pore formation by disrupting the 
cell membrane and allowing the diffusion of accumu- 
lated murein transglycosylase into the periplasm (Gold- 
berg and Howe 1969). The murein transglycosylase, the 65 
product of the X R gene, is responsible for degradation 
of the peptidoglycan in the £. coU cell wall (Bienkow- 
ska-Szewczyk et al. 1981). Transglycosylase accumula- 



comparable to those of the wild-type protein. These 
results increase the likelihood that the mutant proteins 
of the present invention are likewise produced at wild- 
type levels. This is especially true of the mutations at 
position 82 of luxR which both give stimulation greater 
than does the H127Y protein, which is synthesized at 
wild-type levels. It is difiicult to imagine a situation in 
which the proteins with position 82 mutations could 
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give greater stimulation if they were synthesized at 
levels lower than wild-type levels. 

The results of this mutational study of the LuxR 
protein, coupled with those of Slock et al. (1990), dem- 
onstrate that at least two functional regions exist in the 5 
LuxR protein. Oile region spans amino acids 79 to 127 
and is proposed to be an autoinducer-binding region, 
and the other region spans amino acids 1 84 to 230 (FIG. 
4). Although no experimenul evidence demonstrates 
that the mutations isolated by Slock et al. (1990) and the 10 
mutation of H2X7y isolated in this study, which resides 
in this second critical region, are in fact defective in 
DNA binding, there is some recent evidence which 
supports the hypothesis that a carboxy-tennina! DNA- 
binding region exists in LuxR. Alignment of amino acid 
sequences similar to those of the LuxR protein by 
Henikofr et al. (1990) revealed that a carboxy-tcrminal 
region of LuxR has a sequence similar to regions within 
niiie other diverse bacterial proteins, including five 
known activator proteins (FixJ from Rhizobium 
meliloti, MalT and XJhpA from £ coli, GcrE from Bacil- 
lus subtilis, and RcsA from Klebsiella aerogencs). The 
apparently homologous regions revealed have been 
predicted to form a helix-tum-helix DNA-binding motif 
at a common position which includes residues within 
the region defmed by mutations residing between posi- 
tions 184 arid 230 in LuxR. Funher biochemical evi- 
dence is re<juired, however, before this region can be 
-unequivocally defmed as the DNA-binding region of 
the LuxR protein. 

The primary regulatory circuit controlling the induc- 
tion of bioluminescence in K fischeri appears to require 
three interacting elements: the LuxR protein, the au- 
toinducer molecule, and the lux operator. Early genetic 35 
studies in which lux regulatory functions were deleted 
by transposon insertion mutagenesis demonstrated that 
the luxR and luxl genes were both required for the 
proper induction of bioluminescence (Engebrecht et al. 
1983). Insertions in luxR resulted in loss of a function 49 
which could not be recovered by the addition of autoin- 
ducer» whereas insertions in the luxl gene were comple- 
mented by autoinducer addition. These observations led 
to a model which suggested that the luxl gene product 
was required for autoinducer synthesis and that the 45 
luxR gene product interacted with the autoinducer 
molecule to stimulate transcription of operonj?. Recent 
studies supported that model and demonstrated that, a 
20-basc-pair palindrome, the lux operator, located 
within the control region is also required for autoinduc- 30 
cr-depcndent stiniulation of transcription of opcron/i 
(Devine et al 1989). Several mutations in the luxR gene 
which encoded variant LuxR proteins with altered 
autoinducer responses have been isolated in this man- 
ner. Demonstration that these mutant proteins can re- 55 
spond to higher concentrations of autoinducer provide 
the first evidence supporting the direct interaction be- 
tween LuxR iand autoinducer (Shadel et al. 1990). 



REFERENCES CITED 



60 



The following references to the extent that they pro- 
vide procedural details supplementary to those set forth 
herein, are specifically incorporated herein by refer- 
ence. 

1. Adhya, et al. 1971. pp. 743-746, The Role of Gene 63 
S. In. P. R. Hcrshcy. (ed.). The Bacteriophage Lambda. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, 
N.Y. 



2. Baldwin et al. 1989. 7. Biolumin, Chemilumin. 
4:326-341. 

3. Bcdwell and Nomura. 1986. Mol Gen. Genet 
204:17-23. 

4. Bienkowska-Szewcryk, et al. 1981. Mol Gen. 
Genet 184:1112-1114. 

5. Coleman, et al. .1983. / Bacteriol 153:1098-1110. 

6. Devine, et al. 1988. Biochemistry 27:837-842. 

7. Devine, et al. 1989. Proc. Natl Acad. Set USA 
86:5688-5692. 

8. Dunlap and Greenberg. 1985. J. Bacteriol 
164:45-50. 

9. Dunlap and Greenberg. 1988. J. Bacteriol 
170:4040-4046. 

10. Eberhard. 1972. Bacteriol 109:1101-1105. 

11. Eberhard, et al. 1981. Biochemistry 20:2444-2449. 

12. Eberhard, et al. 1986. Artk Microbiol 146:35-40. 

13. Engebrecht, et al. 1983. Cell 32: 773-781. 

14. Engebrecht and Silverman. 1984. Prw:. Natl 
Acad ScL USA 81:4154-4158. 

15. Engebrecht and Silverman. 1986. Regulation of 
expression of bacterial genes for bioluminescence, p. 
31-44. In J. K. Setlow and A. Hollaender (eds,). Genetic 
Engineering, vol. 8. Plenum Publishing Corp., New 
York. 

16. Engebrecht and Silverman. 1987. Nucleic Acids 
Res. 15:10455-10467. 

17. Goldberg and Howe. 1969. Virology 38:200-202. 

18. Hastings and Weber. 1963. J. Opt Soc. Am. 
53:1410-1415. 

19. Henikoff et al 1990. Methods Enzymol 
183:111-132. 

20. Humphreys, et al. 1976. Mol Gen. Genet 
145:101-108. 

21. Joachimiak, et al. 1983. Proc Natl Acad. ScL USA 
80:668-672. 

22. Kaplan, et al. 1985. / Labelled Compd Radiop- 
harm. 22:387-395. 

23. Kaplan and Greenberg. 1985. J. Bacteriol 
163:1210-1214. 

24. Kaplan and Greenberg. 1987. Proc. Natl Acad. 
ScL USA 84:6639-6643. 

25. Konisky. 1982. Ann. Rev. Microbiol 36:125-144. 

26. Kunkel, et al. 1 987. Methods Enzymol 
154:1367-1382. 

27. Lanzer and Bujard. 1988. Proc. Natl Acad. ScL 
USA 85:8973-8977. 

28. Maniatis, et al. 1982. Molecular cloning: a labora- 
tory manual Cold Spring Harbor Laboratory, Cold 
Spring Harbor, N.Y. 

29. Meighen. 19^$. Ann. Rev. Microbiol 42:151-176. 

30. Michaelis and Beckwith. 1982. Ann. Rev. Mi- 
crobiol 36:435, 

31. Raab, et al. 1986. / Bacteriol 167:1035-1041. 

32. Rosenberg, et al. 1981. pp. 132-164. In, J. G. 
Chirikjian (ed.). Gene Amplification and Analysis. 

33. Shadel, et al. 1990. J. Bacteriol 172:3980-3987. 

34. Slock, et al. 1990. / Bacteriol 172:3974-3979. 

35. Tabor and Richardson. 1987. Proc Natl Acad. ScL 
USA 84:4767-4771. 

36. Ulitzur. 1 989. / Biolumin. Chemilumin. 
4:317-325. 

37. Ulitzer and Kuhn. 1988. / Biolumin. Chemilumin. 
2:81-93. 

The present invention has been described in terms of 
particular embodiments found or proposed to comprise 
preferred modes for the practice of the invention. It will 
be appreciated by those of skill in the art that, in light of 
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the present disclosure, numerous modifications and 
changes can be made in the particular embodiments 
exemplified without departing from the intended scope 
of the invention. 

For example, those of skill in the art will appreciate ^ 
that it is possible to utilize the expression system, vec- 
tors and methods of the present invention to express 
genes whose products vary in their degree of toxicity to 
the cells in which they reside. Additionally, the regufe- jq 
tory circuitry that is the subject of this invention may be 
used directly to regulate gene expression or it may be 
used in an indirect manner by serving as a controlling 
clement in combination with one or more secondary 
regulatory systems. In a similar manner, the expression 15 
systems, vectors and methods of the present invention 
may rely on induction of gene expression by addition of 
exogenousiy added inducer or may rdy on endogenous 
autoinducer. All such modifications are intended to be . 
included within the scope of the appended claims. 

What is claimed is: 

1. An expression system comprising a lux regulatory 
circuit, said regulatory circuit further comprising a 
luxR gene and truncated luxl gene of Vibrio, operably 
linked to and capable of stringently regulating expres- 
sion of a gene, a product of which said gene is deleteri- 
ous to an Escherichia coil host cell in which said expres- 
sion system and said gene are resident. 

2. The expression system of claim 1 wherein the lux 30 
regulatory circuit further comprises a luxR gene de- 
rived from the leftward operon of said lux regulatory 
circuit, said luxR l>eing operably linked to a control 
region of said lux regulatory circuit, said control region 

■ being operably linked to a portion of a rightward op- 33 
cron, said rightward operon retaining a truncated luxl 
gene. 

.3. The expression system of claim 1 wherein said 
deleterious gene product is the product of a gene which, 
when expressed, is lethal to said host cell in which said ^ 
expression system and said gene are resident. 

4. The expression system of claim 3 wherein said gene 
is a lysis gene of bacteriophage X. 

5. The expression system of claim 1 wherein indue- .5 
tion of said expression is controlled by addition of an 
inducer to the environment of said host cells in which 
said expression system is resident. 

6. The expression of claim 5 wherein said inducer is 
an exogenousiy added inducer. 59 

7. The expression of claim 5 wherein said inducer is 
N-(3-oxo-hexanoyl) homoserine lactone. 
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8. The expression of claim 1 wherein said lux regula- 
tory circuit is operably linked to and capable of exerting 
control over at least one secondary regulatory system. 

9. The expression system of claim 1 wherein the lux 
regulatory circuit further comprises a luxR gene de- 
rived from the leftward operon of said lux regulatory 
circuit, said luxR gene being operably linked to a con- 
trol region of said lux regulatory circuit, said control 
region being operably linked to a portion of a rightward 
operon, said rightward operon comprising a promoter 
and a truncated luxl gene. 

10. A vector comprising a lux regulatory circuit, said 
rcgulatbry circuit further comprising a luxR gene and 
truncated luxl gene of Vibrio, operably linked to and 
capable of stringently regulating expression of a gene, a 
product of which said gene is deleterious to an Escher- 
ichia coli host cell in which said lux regulatory circuit 
and said gene are resident. 

11. The vector of claim 10 wherein the lux regulatory 
circuit further comprises a luxR gene derived from the 
leftward operon of said lux regulatory circuit, said luxR 
being operably linked to a control region of said lux 
regulatory circuit, said control region being operably 
linked to a portion of a rightward operon, said right- 
ward operon retaining a truncated luxl gene, 

12. The vector of claim 11 wherein said truncated 
luxl gene is operably linked downstream of its truncated 
portion to a multiple cloning site. 

13. The vector of claim 11 wherein the vector is 
pGSl03. 

14. A method for expression of a deleterious gene 
comprising: 

(a) constructing a vector which is comprised of a lux 
regulatory circuit, said regulatory circuit further 
comprising a luxR gene and truncated luxl gene of 
Vibrio, capable of being operably linked to and 
capable of stringently regulating expression of said 
deleterious gene; 

(b) operably linking said deleterious gene to said lux 
regulatory circuit; 

(c) inserting said vector containing said lux regula- 
tory circuit operably linked to. said deleterious gene 
into a suitable Escherichia coli host cell; 

(d) allowing multiplication and growth of said host 
cell to a suitable level; and, 

(e) inducing expression of said deleterious gene by 
introduction of an exogenous inducer into the envi- 
ronment of said host cell. 

15. The method of claim 14 wherein said deleterious 
gene produces a product which, when expressed, is 
lethal to said host cell. 
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